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I. INTRODUCTION 


The advent of the Information Age, coupled with an 
upheaval in the worlé econcmy over the past decade, have 
claced ar ever-increasing emphasis on the corporate teleccn- 
Municaticns systems ard on the management cf those systems. 
All teleccemmunications systems are designed tc convey infer- 
mMaticn frem one point to ancther. In almost every case, the 
informaticn content of the signal is net used by the tele- 
commuricaticns system itself. Rather, the syster is 
designed tc accept input data and structure it into a fermat 
that can be quickly, economically, and accurately trans- 
mitted tc a destinaticn. The information transmitted over 
teleccmmunications systems ranges from voice, telemetry, and 
facsimile cata to complex interleaved data messagés. 
Furthermcre, telecommunications systems vary considerably in 
their desians and ccmponents with regard to technology, 
electronics, and methcdologies. Despite the fact that there 
is such a wide range of input data and large diversity in 
the design cf telecommunicaticn systems, they have signifi- 
cant features in commen. Fundamentally, all telecommunica- 
tions systems exist to transmit informaticn from one foint 
tc one cr séveral points. Moreover, when viewed functicn- 
ally, these systems fave commen structures. 

Any telecommunications system consists of three tasic 
functional components. The first component, the trans- 
ritter,accerts an input Signal, modulates a carrier signal, 
and provides the powezr réquired to transmit cver the ccemnmu- 


ricaticns channel. The seccnd component, the channel, 
provides the path over which the signal travels. The last 
component, the receiver, extracts the signal from the 


channel, demodulates the carrier, and delivers the restruc- 


tured crtiginal signal as its cutput. [Ref. 1]. 
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while advancements continue to be made throughout the 
electronics industry, for example receiver and transmitter 
technclogy, there is less that can be done to increase the 
speed anc frequency response cf present day communicaticns 
channels. The result is a greater need for an understanding 
of ccmmurication channels by teleccmmunication systems 
fanagers. The purpese of this thesis is to present the 
fundamental communications signal transmission principles in 
a manner that is relevant to the manager's systems approach 
to decision making. 


A. AFFRCACEH 


No study of an intrinsically technical subject is 
apprcachable without mathematics. However, this thesis is 
written freer &@ managerial perspective and, while essentially 
mathematical in nature, is limited in scope to emphasize 
areas consicered funcamental to the underlying concepts of 
Signal transmission in the field of communications. . Ths 


approach therefcre tends to be results oriented vice a 
traditicnal rigorous presentation of thecerems and prceofs. 
Additicnally, presentation of each subject arsa begins with 
Simple, ideal situaticns and progresses logically tc the 
more ccrplicated, general case. 


Ee AREAS OF STUDY 


A dlarge majority of the publications pertaining to 
communicaticns signal transmission grossly characterizes the 
electrcmagnetic profagation channels as either guided or 
unguided. Generally, in an unguided channel an electremag- 
netic field is generated by an antenna and propagates freely 
in ameédium with re attempt to control its propagation 
pattern. A prime ¢xample of the unguided channel is the 


space ckannel in which the medium involved may te free 
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epace, tke atmosphere, or the ccéan. In the guided channel, 
the ccmmunications signal is also transmitted as an el¢ctro- 
magnetic field; however, its propagation is restricted to 
the cenfines of a clcsed path or "pips" from the transmitter 
to receiver subsecticn of the ccmmunication systen. Guided 
channels can be further subdivided into three categories 
which include 1) transmission lines, 2) waveguides, and 3) 
feaper ertics. A less traditicnal and more subtle methed of 
differentiating the frepagaticn channels is by the number of 
conductors involved. There ¢xist numerous cases wherebdy 
signals transmitted via antenna systems behave as guided 
waves {Ref. 2] thus, this thesis groups transmissicn chan- 
nels accerding to the latter method as follows: 


1. Antennas : zero conductors with energy 
propagating in the space between transmit- 
tinc and recéiving antennas. 

2. Waveguides : one conductor with energy 
propagating within the boundaries of the 
guide. 


3. Transmission lines : two or more conductors. 


The study of the tranSmission channels formally -Ltegins 
with Chapter 2 which focuses on antennas. Noiseless systems 
are fixst discussed with emphasis being placed on the devel- 
opment of the power Eudget equation. Line-cf-sight communi- 
caticn distances are explored and applied to a one-hop 
Microwave system. Also covered in this section are satel- 
lite ccmrunicaticn principles as they relate to the power 
kudget equation. The concert of system noise 1s then intro- 
duced and an analysis of a multi-hop microwave relay system 
is presented. 

Chapter 3 deals with transmission lines and is presented 
from a circuit theory viewpcint. Discussion begins with the 
low frequency model and development of the prepagation 





constant in terms cf Signal attenuation and phase shift or 
time delay is undertaken. The skin effect model is also 
explered. Thee Chapter concludes with an introducticn te a 
transmission line's digital transmission rate. 

The waveguide is presented in Chapter 4 which begins 
with an introduction to the principles of electromagnetic 
field prepagation. The plane wave is considered and the 
guide's rodes of operation defined. A short section is 
devoted tc the deteéerminaticn of guide cutoff frequency. 
Signal attenuation and time delay are developed through 
analogies tc transmission line characteristics. A brief 
discussicn cf fiber cptics, which is considéred a special 
class of waveguides ends the chapter. 

The concluding chapter of this thesis investigetes the 
Major acvantages and disadvantages associated with the 
Varicus ccmmunication transmission channels. Conclusicns 
regarding the relative impcrtance of communication channel 
consideraticns are presented in the context of a total tele- 


communiceticns management scheme. 


C. CRITICAL ASSUMPTICNS AND PRINCIPLES 


Nearly all cf ccumunicaticns tkeory is rooted in the 
science of mathematics. To underscore the fundamental 
concepts of Signal transmissicn much of the rigorcus mathe- 
Tatics ercctntesred ina more traditional approach to the 
subject has been mininized. Tce this end several key assump- 
tions and transform analysis principles are aprlied 
throughcut the remaining charters of this thesis. 


Ccmmunication transmission systems, and ccmmunica- 
tion systems in general, deal primarily with time functions. 


These time functions or wavefcrms can be represented asa 





Summ@atacn Cr purely Sine and cosine functions acccrding to 


the Feurier Series expansion: 


— at Biiaecos nay + 1S), Sata nayt | (Eqm. tat) 


where w. is the fundamental frequency of the signal. Thus, 


0 
the Feurier Series eéxpansicn is the sum of all frequencies 
which ccaprise a given signal. These signals are viewed as 
a comkinaticn of a fundamental frequency plus all harmonics 
cE that frequency. Micman ser hepmeesencs the dc level of 
the signal. Since all frequencies present in the signal 
will ret be in phase at all points in time, they are written 
as having two components, sine and cosine. Maen, “Gor any 
Gawenm hatmcnic n, the a, and b, terms represent the magni- 
tudes of the sine and cosine portions of that harmcnic. 
Under necrmel circumstances, discussicns of communication 
systems tend to not deal with the time domain behavicr of 
the Signal tut rather with the frequency domain behavicr of 
the signal. Therefcre one must be able to convert or trans- 
form time function signais tc frequency domain signals. The 


tool sec tsed is the Fourier Transform and is defined as 
a a Wwe 
Ea) a fre dat. (eqn 1.2) 
— €© 


It can then be seen that every function of t has with ita 
corresponding functicn of frequency, w. Likewise the 
Inverss Fourier Transforn, 


‘i a jwt 
Ca a (aie 


— 00 


3 (eqn 1.3) 


shows that for every functicn of w there exists a ccrre- 
Soomacng £UnCt2Om Of t. ef&Ref. 3]. 
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rf . 


Communication systems are intended as a vehicle for 
the transmission of informaticn whose parametric véaiues at 
the systems level are relative to tne frequency domain. The 
Fourier TIransform is the single most important tcol which 
allews mcvement from the time demain to the frequency domain 
and is used extensively to describe the frequency content of 
a given signal. As aresult, a system analysis can be 
conducted which describes a system's effect on the informa- 


tion signal in terms cf signal frequencies. 
2. Iinear Systems 


In general, a system is defined as a set cf rules 
that asscciates every input time function with an output 
time function as shown in Figure 1.1. The source signal is 
designated f£(t) with g(t) representing the output signal or 
system respense due tec the infut. ~- This is usually written 


as £ (t) = q(t). 






£(+t) eile | 


SCS Gow 


Figure 1.1 Block Diagram of a Systen. 


This thesis is based on first order analysis and 
therefcre all systems discussed are assumed to be approxi- 
mately linear in nature. Tc this 2nd, the definitions which 
molleCs apply. 

A system okeys superposition if the output or 
respense of the system due to a Summation cf inputs is equal 
to the sum of the responses due to the individual inputs. 
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Maae A157 Gavemn Ghet i{%) =sesuits im @ ESsepense of G*), ant 
that £(7) Causes ah cveput of TA), then tHe OUuEEUE be tc 
£(=) +27) is g{~)+g90%). in @2theatical notation, <=ufercc- 


siticr is defined as [Ref. 4] 


E(t) +E (t ) Sa (t) +9{2). 


Similarly, a system is considered linear if it obeys supéer- 
FOsaticr. Combining the cencepts of supDervosition and 
timeerity, #t can te sho@n that jjfor ail welwee cf ithe 


Gometeants a and b f Ref. 5] 


ai(t) +bi(t) —wagi(t )+bDqgq{t). 


independent of the actual time the input cccurs. tm Cunher 
Words, a time shift in the input signal results in an é¢quai 
time shift in the response. *h@s tt can be shown that ic 
ee Cth, 4 «6cmen © (t-t,) oom g(e-E,).- Systems conrosed 

nductive el nt¢s are 


of ourely resistive, capacitive, and i 
time invériant provided the COMEO 
rot vary with time. 
3. System Functacn 
In important and helpful concept in systems enalysis 
u 


i] tie? 2npulse cr Dirac a ( 
the impulse function is defined as 


mE) = 


ator woul. Ovme  & 
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such that the total area under th impulse functicn is 


unity. Mathematically then 


f se) dt = 1 


which also, as it turns out, is the Fourier Transfcrm of the 
impulse function. It can be seen that any signal in the 
time domain can be divided into equal time segments. 
Furthermcre, these time segments can be viswed 2s bEececming 
infiritely small such that the segment approaches a point in 
time. Therefore, any time signal can be considered to be a 
series cf impulsess. The purpose of systems analysis is to 
determine the response the system has to the input signal. 
Tf the input signal is viewed as a series of impulses and 
the system is considered linear, then the response due to an 
impulse is allthat is needed to describe the systen. 
However, as previously stated, the over-riding facter in an 
analysis cf a communication system is the system's effect on 
input frequencies. This is accomplished by studying the 
system's response to an impulse. [Ref. 6]. 

If the impulse respcnse of a system is called h(t), 
then the Fetrier Transform H(w) indicates th2 system etfect 
cn the impulse and is called the system function or the 
transfer function. Simply stated the transfer functicn, 
H(w), cf a system describes the effect the system has cn an 
input, F(w), to prodtce an cutput, G(w), and is the ratio of 
the cutprt to input in terms cf frequency. Mathematically, 


G (w) =H (w) F (w). 
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4, Decibel and Ic¢cgarithmic Notation 


As will be skewn throughout the thesis, one of the 
more impcrtant aspects of the ccmmunications channel anal- 
ysis is the subject of signal power and how the systen 
affects it. Generally, che system either amplifies or 
attenvates the signal power so that a system'S cr ccmfo- 
nent's gain (loss) can be written as the ratio cf cutfur 
Fower tc infut power. Letting G denote the gain and P,, and 


P, cepresent output and input fower respectively, then 


Thus if the power gcing into an amplifier is 1watt and the 
cutput is 00watts the power gain is 100. Nermally, 
however, ccommunicaticns system Characteristics are expressed 
in terms of decitels (dB) vice the raw gain or attenuation 
figure. The dB notation is used extensively throughout the 
thesis ard so requires some expflanation. 

The decibel is dsfined as one-tenth of the funda- 
mental division of a logérithmic scale fer expressing the 
Tatic cf twe amounts cf power (Ref. 7]. But, in general, 
any unitless quantity in the context of system analysis can 
ke expressed in decitéels according to the fecliowing Equation 
where N dénctes the number cf dB's and x the unitless quan- 
font g 


N = 10loq x. 


Normally then, system analysis compares some initial fower 
devel tc the final system/component output level. This 
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initial reference pcint can ke given in terms of eitker 
watts or a dB reference level with Iwatt equal to OdBW or 
Imilliwatt equating tc OdBn. 

Additionally, because dB notation is used so often, 
the laws cf logarithms aré an integral part of analysis 
develcpment. Logarithms derive their usefulness in computa- 
tion since they allow multiplication, subtraction, and exfo- 
rentiaticn to be replaced by simpler operations of additicn, 
Ssubtracticn, and multiplication respectively according to 
the fcllcwing { Ref. 8]: 


leg(xy) = leg(x) + leg (y) 
leg(x/y) = log(x) - icg(y) 


leg(x)’ = ylog (x) 


is 





If. ANTENNAS 


In ccmmunication systems where the transmitter and 
receiver are Nom | Pa Yelcally connected by conducting 
elements, the carrier wavefcrm 1s propagated from the trans- 
mitter tc the receiver by use of antennas. An antenna is 
Simply a transducer which ccnverts electronic Signais into 
electrcmagnetic fields and vice versa. Thus a signal begins 
as an electronic Signal at the transmitter and is ccnverted 
to a frepagating electromagnetic field at the transmitting 
antenna. This electremagnetic field propagates as an ever 
expanding fpilane wave, through the medium sevarating the 
transmitting and receiving antennas. AS a result, the 
amount cf pewer contained within a given area of the trans- 
mitting medium (field density) decreases as the distance 
Eetween the transmitting antenna and the area under consid- 
eraticn increases. Thus as the distance between <c<zhe 
receiving and transmitting antennas increases, the rower of 
the electrcmagrnetic field impinging upon the receiving 
antenna cecreases. Tbe receiving antenna, in turn, converts 
the electromagnetic wave back to an attenuated (reduced) 
versicn cf the electronic signal produced in the trans- 
Titter. It should be noted that in addition to the intended 
transmission signal, other Signals including background 
nois€¢ are present and imfinge on the receiving antenna 
inducing unwanted vclitages. Therefore, not only is’ the 
communicaticn Signal being received attenuated, but also it 


= 


is inkerently noisy as depicted in Figure 2.1 : 
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Figure 2.1 Signal Transmission via Antennas. 


A. THANSMNITTING AXYTENNAS 


A <tranemitting antenna converts an amplified carrier 
signal intc a prepagating electromagnetic field. This field 
is transmitted by the antenna as &@ propagating piane wave 
with a prescribed pclarization and spatial distributicn of 
lts field pcewer density. The spatial power distributicn of 
a transmitting antenna is described by its antenna pattern 


which is defined as 


power transmitted per unit solid 


W912) 7 angle in the direction (Pp 1 2 ) (eqn 2.1) 

where (Oy 0 O2) are tke elevaticn and azimuth angles relative 
to a fixed coordinate system whose origin is the center of 
the antenna (see Figure 2.2). The antenna pattern indi- 
cates the amount of field pcwer that will pass through a 
unit sclid angle in a given direction from the center of the 
transmitting antenna. A sclid angle of a cone inscribed on 


asphers cf radius fF is given by the surface area cf its 
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Pigure 2.2 Antenna Geometry. 


spherical cep divided by &? and is measured in units of 
steradians. The solic angle cf an entire ¢ephere of radius R 
is the ¢ph¢erical surfac2 area (47 R2) divided by R? which 
results in 47 stera¢ians. Therefore an antenna pattern 
[W( Op 092) | can be restated es the amount of power which will 
Fass threugh a unit solid angle (1 steradian) in a qiven 
Gime cticn (Pp Pz) from the antenna center. The antenna 
fattermn is usually normalized by Comparing») 12  t€¢5 van 
isotrepic artenna of equal transmitted power, to icrm the 
antenna cain function G60, 0.) and defined by 


W( ,® ) ss 
G69 9192) a power per unit solid angle of (eqn 2.2) 
Geers o tr OD 1c. radiator with 


Squale total transmitted power 


trepic raciatcr is an antenna which radiates e¢qual 
cf power in all directions. [Ref. 9]. 





Lefine F, as the tora pewer transmitted by an antennae. 
Then F, can be determined by summing the power over ail 
roints on the unit sphere cr, more conveniently, by inte- 


grating (p09) over the unit sphere, that is, 


P = f Wopro3)e (san 2.3) 


where dQ represents the differential of the solid angle. It 
can be shewn tnat the length cf an arc inscribed on a circls 


cf R radius by a radian angle 9 is given by: 
length = R@. 


Then a chance in elevation angle (d 9) results in an are of 
length C9 p on the surface St EW teas Sphere (R=1). 
Additicnally a change in the azimuth angle (4 o-) results in 
an are of alength that is dependent on the applied eleva- 
tion angle such that: 


length = cos d 
g % ?. 
Then 
d{2= cos Hy (ak 
as depicted in Figure 2.2. Therefore Equation 2.3 can be 


rewritter as 


a t2 
E =f LE % 9528 > SO . 


f\) 
tad 





Pee OmepeMwerE rer wnat sclid angle of an isotrocic 
EEehatcr with total power P. fone a DyYMdaviIding the tecal 
rower Ey the number cf steradians contained within a srhere 
Genes G7. MWhus Equatzen 2.2 can be written as: 


W(b9,¢6,) 
a a ae (eqn 2.4) 
It can ke seen that the gain function of a transmitting 
antenna is then simply a ncermalized version of its antenna 
pattern. Therefore, if the gain function is integrated 
cover the unit sphere it yields the same value as ete 
integrated cver the unit sphere such that: 


= e Des 
f 36% 1o2)A2 waa (eqn 
unit 

sphere 
Now oe ? 2) intecrated over the unit sphere yields the 


total transmitted power P, sc that 


| Se 
fg (eq 9z)4 = P./4% 


sphere 


one 


g(b,,%,)aQ = Aq . (eqn 2.6) 
unit 

sprere 
Therefcre, the volure under tke gain function surface is a 
constant. iaes Sictltcs that 2f the gain function is 
increased in one direcion, it must be suitably decreased in 
cther directions to maintain the constant integrated value 
cf Ua. (Ref. 10]. 
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Mest transmitting antennas are designed t0 transmit 
their radiated field in a specified directicn. Thus the 
Gain functicn is usuelly peaked along what might be called a 
preferred direction and such a peak is referred tc as the 
antenna rain Ilcke. Transtissions in ether directions ares 
called sidélobes and usually represent power transmitted in 
unwanted directions. Regime 2.3 25 a typical parakolic 
antenna pattern plotted as a function of azimuth angle ir 
degrees, fer the elevation plane 9, =0 and shows the mainlecbe 
imeecne fcrward direction. 
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Figure 2.3 Farabolic Antenna Gain Function. 
The actual antenna gain function is a cumberseme 
descripticn of the antenna radiated field pattern; cften 
Simpler specifications are used such as antenna gain and 
field of view. The gain g of a transmitting antenna is 
defined es the maximum value cf its gain function: 


g = Max GP)» o;) t (eqn 2.7) 
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and is usually stated in decibels. The antenna field of 
view is a measure of the solid angle into which ali cf the 
Meeoetictcedq field pcwer is concentrated. In other xerds 
the field cf view is 2a measure of the directional precperties 
cf the antenna. For simplicity the field of view is defined 
as the sclid angle (9) through which all the radiated 
rower wotld pass if the antenna pattern in this angle was 
constart and equal te itS maximum value. irs Fagugesz. 3 
would be interpreted as shown in Figure 2.4. That is te say 


otal + 2 [max W (>) 4 b5) J=P, Or 


A P 


Vey = Tax Wb) + Pz) 


: (¢qn 2.8) 


However fron Equations 2.4 and 2.7 it can be shown that 


4 T 
Q_=—=s—"steradians . (eqn 2.9) 
FV g 
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Figure 2.4 Ideal Antenna Gain Function. 
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Field of view is therefore inversely related to gain. nas 
means that high gain antennas exhibit narrow fields of view 
Rather than using the solid angle field of view, discussicns 
and specificaticns regarding antennas can be more easily 
G2alt with in terms cf the planar angle beamwidths which are 
Given in terms cf radians cr degrees and are defined se2fpa- 
rately fcr azimuth and elevation planss. For example, the 
antenna fattern in Ficuré 2.2 has a main lob? azimuth bean- 
width cf 4° measured at the 3dB points. For a symmetric 
gain pattern which is obtained by rotating the azimuth gain 
pattern akout the azimuth axis, the planar beamwidth (desig- 
Peed O, and given in radians) is related to the solid angie 


field of view (in stériadians) by 


Q py = 2ar{1-cos(O,/2) ] 


which, using the-trigcnometric identity (cos2a=1-2sin2a) can 


re written as 
Ba = arf [1-cos( 4/2) ]} 
ae 
Qy= 4a[sin? (%/4)] . (eqn 2.10) 


It can ke shown that for very small values of x, sin(x)=x. 
Thus where ¢@ is very small 


Q. = 4rd 74) 2 


aa 





Then 
2 
2 FY oe 


mre refcre, when given a transmitting antenna'ts field of 
Weems che Planar beamwidth 9 can be determined (in radians) 
by the ecguation 


~/_4 = 
~ = — 0), (eqn 2.11) 


provided it is knowr that $ is small and the spatial gain 
fattern is sysmetrical. [{Ref. 11]. , 

No transmitting artenna is an ideal, icss free r 
Therefore, the power P_ radiated by it is less 
power fed into the antenna input terminals. It then b¢comes 
convenient to define an e2rfective antanna transmitting gain 
relative tcthe power actually coupled into the antenna 
input terminals. The power fed into the input terminals of 
the antenna is denoted P,. Thus the eftfective gain function 
is defined as 


= wW( Py, Px) 
G(d,,P,) = —s 7 : (Sete De 12s 
Py 3 Ef el 
This means 
F(Py Ps) Be g( Py, Pz) (eqn 2. 13) 


where DENS VOue is the antenna radiation efficiency factor 
and, in essence, is a measure of the radiation losses cf an 
antenna. It shculd te noted that Ges , so that the ¢ 

tive antenna gain g is always less than the gain g 
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antenna rfattern. ljipledieetaclation efficiencies are on tne 
Suacr cf 0.902p.<0.9%. corresponding to a réeducticn o 
meomt O.cdB in gain. [Ref. 12]. 

The antenna gain function permits simplified calcula- 
tions of the amount of transmitted field power ‘that will 
impince cn a perpencicular (nermal) receiving surface of 
area A, located a distance D in tne direction (Oy 6 +) from 
See clLancsmitting antenna (Figure 2.5). Letting P, represent 
the pewer impinging ¢n area A, Equation 2.1 can be employed 
so that 


F, = wW (Do 103, )&, 


which states that trké€ amourt cf power Bo is equal te the 


amourt cf fower transmitted per unit solid angle in the 
direction (by ¢ Py) multiplied by Q, solid angle that subtends 


the surface of area A. 


tf 





Figure 2.5 Antenna Propagation. 


When the distance Dis much largér than the largest 
dimersicn cf the surface of area A, then the latter approxi- 
mates a section cf a spherical surface and total solid angle 
subterded by the surface area A is equal to A divided by the 
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distance ¢qvrared, that is, 
9, = aAsl2. 
Therefore 


F.~=a(o, oO, )A/De. 
; a ye 


Using Equations z.12 and 2.13 it can be seen that 
_ [Pp (Pe, 2 Pzo)] eqn 2.14 
P, = eee SR (2g | 


The guantity in brackets has units of power per area and 
thus represents the fewer density, Salle@ che ried inten- 
sity cr flux density of th¢ propagating electromagnetic 
field at the distance D in direction (dy « z,)- The numer- 
ator is cften referred to as the effective isotropic radi- 
ated power (EIRP) in the direction (9 +%z,) and represents 
the equivalent power which an isotropic antenna mtst 
transmit in crder to achieve the same field power density at 
a distance [ from the antenna. Then, EIRP can be written 


as: 
EIRP = P p (py + Pz,) : (eqn 2.15) 


It should ke noted frem Equation 2.14 that when prepagating 
in free space, the electromagnetic field intensity decreases 
as a functicn of the distance squared. [Ref. 13]. 

An irtrinsic prorperty of any antenna is that its trans- 


mitting field of view at a signal wavelength A is related to 
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the physical area of the antenna A by 





2 
i f ( 2. 16) 
—y Secs 
r P.. A : 
where ae ls the antenna aperture loss factor. This aper- 


ture lcss factor acccunts for antenna diffraction losseés 
Meow Valtes ranging from 0.5 to 9.75. Therefore, substi- 
tuting Equation 2.16 into Eguation 2.9 means that the 


antenna cain is giver by 
4. 
3 = eu ar (eqn 2.17) 


wavelength is related to frequency (f£) by the equaticn c= JF 
where c is the velocity of an electromagnetic wave traveling 
in a vacuum and has a constant valu2 of 3x108 meters per 


second. Then 
ca— an =) p ee (eqn 2. 18) 
Gy apy a 


It is now readily apparent that for a fixes 
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the crperating frequency increases the antenna's gain 
increases and its field of view narrows. Alternately, for a 
specific carrier freguency, higher gains and narrower field 
cf views reguire larcer antennas. [Ref. 14]. 


E. RECEIVING ANTENNAS 


In tke previcus section it was shown that transmitting 
antennas ccnvert electronic Signals to electromagnetic 
fields and radiate tkem as fower which decreases in field 
intersity as the distance from the antennas increases. 
Similarly, a receiving antenna converts impinging eléectro- 
Magnetic fields to electronic Signals whose ovower is 


at 





proporticnal to the intensity cf the field power intercepted 
by the recelving antenna. pero transtiering  antexnes, 
receiving antennas have a fixed coordinate system with ¢ 

crigin liccated at the center of the antenna. Unlike <rans- 
mitting antennas which are considered point sources, 
receiving antennas are described in terms of an effective 
area A(o $2) whick is a MICO Onethe eds beCtLen cf 
arrival (99 49) of the plane wave, referenced to the anten- 
nats coordinate system. The effective recéiving antenna 
area in tke directior (0) + 92) is then defined as {Ref. 15]: 


power observed due to the field 
3 


h 
A(b) 12) _ from the direction ($y .o 


; (eqn 2.19) 
power density of the field 


As Figure 2.6 illustrates, the antenna area is a func- 
tion of the directior angles (dye $7) - Additionaily, the 
antenna area includes associated antenna losses and pclari- 


zation mismatches with respect to the electromagnetic field. 
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Figure 2.6 Circular Recé€iving Antenna Geometry. 
The effective area therefore describes a receiving pattern 


ever all directions from the anténna coordinates. The 


raxipum érea 


a) (eqn 2.20) 


a2 





is the largest area presented to arriving fields. This 
faximum area is less than the physical antenna a 
to the receiving aperture loss factor Dap - This aperture 


mese tactor is due tc diffraction, and 


(eqn 2.21} 


From the Rayleigh-Carson theorem of transmitting and 


receiving plane wave antennas [Ref. 16], Ltecantemes= chew 
that 
ACM P) = Py Pz) (2qn 2.22) 
Am g 
where g( 9, , o_) is the antenna gain function that would 
result if the antenna were used to transmit signals. In 


general it can then be said that, except for scaling 
factcrs, ard antenna'ts transmitting and receiving ratterns 
are the same, and tke ability cf an antenna to receive from 
agiven directicn equals its ability to transmit power in 
that same direction. From Equation 2.17, where A, is the 
antenna physical area, and the reciprocity principle it can 


ke seen that A, = Ay so that 


7 Aue foe AT 
cI rewritten in the fcrn 
2 
an A (eqn 2.23) 
g 47 
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and substiteting into Equation 2.22 


2 
AC) 1 Pz) a il (hy Pz) 2 (ee ha.) 


4 7 


This then relates antenna receiving area pattern directly to 
the gain pattern and the operating frequency. Furthermore, 
the difference between the receiving antenna area function 
and the antenna gain functicn is 42/47. Now recalling 
memeeeten 2.9 and substituting according to Equaticn 2.23, 
Q, = A/A,. But from Equation 2.21 A,= Pap Ane SO that 


Q = a (eqn 2.25) 
FV PapAry 


which is tke solid angle associated with maximal fpower 
recepticn of the receiving antenna. This then implies that 
directicnality requires high operating frequencies in crder 
to oktéin antennas of réasonable size. Thus the design of 
receiving antennas can be equivalently stated in ‘terms of 
transmitting antenna gain patterns. Therefore, if a 
receiving antenna is required to have a given field of view 
it can te designed as if it were a transmitting antenna with 
the same field of view. For example, an antenna with the 
pattern shewn in Figure 2.3 weuld collect transmitted fower 
EFrimarily cver a 49 beamwidth as measured from the 3dB 
Poants. [Ref. 17]. 


Cw. RECEIVED POWER 


The actual amount of carrier power that can be trans- 
mitted tc a receiver is a key farameter in assessing ccmmu- 
nicaticn system performance and controls management 
decisions regardinc equipment specifications, link 
distances, cperating frequencies, and construction ccsts. 


34 





Perures 2.) 22a typo cal conmunication system which cper- 
Mees d= a fixed carrier frequency f,.. Within the trans- 
nitter, the information signal passes through a transmitter 
power amplifier which produces a modulated carrier signal 


meen Carrier power P, The carrier power is the output of 


Bee 


(Op 1 03) (O91 3) 
DD ————— Sh 


Receiver 
Transmitter 


(£6 ’ Pamp) 
Figure 2.7 Transmitting and Receiving Channel. 


the transmitter and is coupled to the transmitting antenna 
terminals Ey means cf either a waveguide cr a cable. The 


rower ccrpled to the antenna is given by 


Be. ee L {eqn 2.26) 


where L. account for the guide or coupling losses at the 
transmitter. From Eguation 2.15 the EIRP of the transmitter 


in the direction of the receiver is 
= eqn 2.2/7 
EIRP Py PIy (FH 1 P.) (eq z7) 


Miele ots ~ebewradiation loss factor of the transmitting 
antenna and Gib + o ) [cmeulewcheansiLecing Gain function in 
the direction of the receiving antenna, located scme 


2) 5) 





distarce (D) away. As demonstrated by Equation 2.14, the 
power density ? ae amriving at the receiving antenna 
rropagating a distance Dis given by 


—~ _EIRP (eqn 2.28) 
den AaD? 
Assuming that propacation cf the plane wave is through a 
medium cther than a ferfect vacuum, an additional loss (L,) 
may ke experienced due to atmospheric absortion, rainfall, 


Ele s Thus the fower density is reduced by a factor L. such 
that 
Es = aol, ; (egn 2.29) 
a 497 D 


It should be noted that for free space L;=1 which equatés to 
fem .cSs. The power collected by the receiving antenna 
rresentirg an effective area ($y. 67) to the arriving filane 
wave is 


E ont Tue as a 


7 7 
and frem Equation 2.24 for A (9) « ? 2) it can be seen that 


2 


= A reg e 
Ee © _ I( Ps ® ) : (eqn 2.30) 


Durirg conversion from the electromagnatic field to an 
electronic signal, a portion of the intercepted power is 
Jost and accounted for by introducing a loss factor lL, . 
Thus received power ES is 
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Poe LcemmemG@atlOns 2.269 2.27, 2.29, and 2.30 itc 
enown that total ccllected carrier power at the output 


terminal of the receiving antenna is given by 


P, =P tse t%,) ¥ o bb) 1 : (eqn 2.31) 
” ie AgrD* 477 ae Fe a 


It beccmes convenient to interrret 





2 2 
L = : 2m = +) Coam 2422) 
P Amb? 4a ‘ \ 4arb 


as free space prepagation less so that Equation 2.31 can be 
writter as 


4 / 
ee eee LeLabyh Se ( Fy 1b2)5,(% Pz) 


Assuming the antennas are properly aligned. (?, Wy 003) so 


that the transmitter and receiver directions are at th2 p¢ak 
cf the gain functions,then FP, can be written as 


ie Pimp Pee ehhh 9 eS, (eq ) 


where-g,and g. are new the respective antenna gains. This 
equation then is a summary cf the effect of the complete 
Carrier transmi¢sion subsystem as the power flows from the 
transmitter power amplifier to the receiving antenna 
terminals. 

It can be seen that Equation 2.33 invelves simply a 
rroduct cf the gains and losses along the signal fath. 
Gstaliy,  daius and losses are given in terms of 4B. 


Therefore, it is convenient to express the equation for D, 


om) 





AaEeces Petation. Thie results in 


ca = am Pp “dB ae: (hey (La ly (eqn 2.34) 
Ie 


B +(La), +(Ledy +(dtlp te) 


where all factors are dB values with the lcss factors teing 
negative. The prcpagation icss factor L, when put aig) al 
notaticn reduces to either 


(Lp), = [-36.6 - 20logD - 2Oee (Ge i (eqn 2.35) 


when distance is in wiles and frequency is in MHz, or 


Ss = 250 
(ipl = 1-32.4 - 201ogD - 201log(f,) lp (eqn ) 


when distance is in kilometers and frequency is in MHz. The 
final result is that the received power available from the 
receiving antenna is given by Equation 2.34. This equation 
is knewn as the power budget equation. It must be used if 
one is tc analyze system performance in terms of received 
rower levels. 

Example 2.1: Assume a communications system must.be 
designed fcr placement in mcuntainous terrain where the 
transmitting and receiving stations are to be located 
approximately 30 miles apart. The frequency manager fer the 
area has assigned 270¥Hz as the carrier frequency. If the 
cutput cf the transmitter pewer amplifier is 100watts, guide 
and ccufling losses to the transmitting antenne total 14dB, 
and the radiation loss factor of the transmitting antenna is 
0.95, tken the tetal radiated power is 18.777dBW. The 
Fropagaticn loss can be calculated to be 114.74 dB. If the 
total atmospheric losses due to absortion and scattering are 
3dB, the guide and ccurling losses of the receiver's antenna 
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secticn are identical to the transmitter's, and the minimun 
detectable signal level is luwatt, it can be determined that 
the comrined gain cf the two antennas must be 40dB. 
Assuming that the antennas employed are identical dish 
antennas with an aperture loss factor of 0.75, their size 
can be detéermined tc be approximately 1 foot in diameter. 
Thus the cost of setting up Such a system should be 
moderate. 


Do. ANTENNA PROPAGATICN CHANNELS 


There are four tasic prepagation channels that can be 
defined for the electromagnetic fields transmitted by 
antennas, aS indicated in Figure 2.8. These are (1) thea 
ground wave channel; (2) the space wave channel; (3) the sky 
wave channel; and (4) the outer space wave channel. Each is 
appropriate in a specific aprflication and each defines a 
Slightly different prcpagaticon model. {Ref. 18]. 
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Figure 2.8 Free Space Propagation Channels. 
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1. Greund Wave Ckannel 


When both the transmitter and receiver are lecatsed 
within a few metsrs cf the earth, the electromagnetic field 
rehaves @S a Wave prcpagating within a waveguide with the 
earth itself serving as a waveguide wall. Such models are 
applicatle in Mlandbased motile and hand-held communication 
systems. The grcund wave channel is characterized by strecng 

ttenuaticn with distance and attenuation values increasing 

sharply as carrier frequency increases. Thus the ground 
wave channel is practical cnly for systems operating at or 
telow tke HF rance over distances of a few miles. 
(Ref. 193. 


2. sky Wave Channel 


The sky wave channel results when the propagating 
electremégnetic field is reflected by either the ionosfhere 
Cx tropesphere beundary region. The ionosphere is a region 
cf free electrons trapped in a belt around the earth. To 
the lenger wavelength carrier frequencies (HF and reélow) the 
ionoscrhere app2ars a3¢ a conducting surface which reflects 
carrier eénergy. This characteristic allows long range, 
cver-the-hcrizon communications such as the Navy's HF ship- 
to-shcre or fleet brcadcast channels. [Ref. 20]. 

As has been fcinted cut, antenna size is in 
related to carrier frequency (the lower the ‘fregu 
larger tke ant2nna). For this reason, frequencies réelew che 
BF rangé are usually not emplceyed for sky wave channel 
transmissicn. Cn the othar hand, the smaller wavelengths 
above HF penetrate tke ionosphere and are absorbed or scat- 
tered rather than reflected. 
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The space wave channel is strictly a lineée-cfi-sigh= 
(LOS) channel contained within the earth's atmosrhere 
wherekty the electromagnetic field propagates directly from 


the transmitter to the receiver. Typical examples of such 
communicaticn channel use are earth-airplane, airplane- 
airplane, and microwave relay systems. Since LOS systems 


are fitted on highly mobile platforms or placed cn fixed 
site structures which require raising antennas high enough 
to preclude severe signal ground attenuation, frequencies of 
operaticn are restricted tc that portion of the spectrum 
above HF. [{Ref. 21]. 

Maximum recertion distance or the LOS distance of 
systers utilizing the space wave channel is dependent on the 
altitude cf both the transmitting and receiving antennas as 
' shown in Figure 2.9. oo yee neow height of the antenna 





Figure 2.9 LOS Geometry. 


~ 


at staticn zand 3 in Figure 2.9 is equal, then as the 
height of the antenna at station 1 increases, so doé¢s the 


line-cf-sight distance (D, >D, ) - Referring to Figure 2. 10 
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Figure 2.10 LOS Determination. 


the LOS distance can te determined using Pythagorean rela- 
tions. The distance [, can be found by 


2 
(D,)°+ a = (h, tr) (eqn 2.37) 


Wiege Ff i= the earth"s radius and h, is the height cf cne 
antenna. Ther 


Likewise 
= 2 Sm 
D,, hé +2h,r 
Thus 
D,= c+ D,, 





Now h, << re@and h, << r so that h? << 2h rt and ne << eh,Te 
Therefore Ly approxination 
me (2 0ue 4 geote 
Daweh oF 2)e\yaa (sg ) 
Furthermcre, the average radius of the e¢arth (fr) is 


3960miles whereas the heights hy and A, are usually 
expressed in feet. Then Equation 2.38 yields the approxi- 
Meeeees dictance in miles for two antennas elevated h, and 
Ds 


respective term simply is 0. So from Equation 2.38 


LOS’ nites) = Io 2 Coy late +./h., ) (SGnw2. 59) 


feet. If either anténna is located at ground level the 


This then is the distance used to caiculata the propagation 
path loss in the power budcet equation (for @ transmission 
set tp Sinilar to Figure 2.9). | 

Since the space wave channel is contained within the 
€arth's atmcsphere, wthe prepagating wave is aiso subjected 
to attentation due te atmospheric particles. This effect is 
particularly severe when the carrier frequency/wavelength 
appreaches the size cf the various particles in the atmos- 
phere. Rainfall tends to be a particularly significant 
attenuatcr since water drop sizes approach the wavelengths 
asscciated with the higher microwave frequencies. 


An outer space channel involves transmission cut 
through the earth's atmosphere to satellites and space 
staticns. In this channel energy must pass through the 
ionosphere toundary layer rather than be reflected. Thus. 
cuter space channels require use of operating frequencies 


well abcve the HF bF-and. As the carrier ‘frequency is 
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imeneaeed Inter the VEF and SHF band a larger portion ci th 
field energy passes through the icnosphere rather than reing 
scattereé and reflected. The Signal must still pass throug 
the atmosphere and is subject to atmospheric attenuaticn; 
however, the relatively small distance of atmosrhe 
compared tc an extracrdinarily long propagation distance in 
a near vacuum Significantly reduces the impact of the atmos- 
pheric efiects. Thus the major attenuating factcr fer the 
cuter srac¢ channel is propagation path loss. Furthermore, 
Satellite to satellite or sfpace-station to spacée-station 
communicaticns would hav? no atmosoheric losses since ccmmu- 
Nicaticns weuld be tectaily outside the earth's atmcsphere. 
{Ref. 22). 


Cné final channel which has not peen previcusly 
identified is the ELF channel. It is only mentioned té¢cause 
of recent work conducted in the ELF band and the aprroved 
Department cf Defense's ELF project as part of the strategic 
femoa d. The principle underlying the propagation cf an ELF 
Carrier signal is that at the ELF frequencies the earth and 
ionosphere toundary léyer act like the interior walls of a 
waveaquide. Waveguides are normally constructed such that 
the principal dimensicn is ¢€ither 1/4 ocr 1/8 of the carriar 
frequency wavelength. Thus if the boundary of the iono- 
spheze is 300 miles above the e2arth, the operating frequency 


can te determined by 
“a - — ~ (v8) = 300miles. 


where A=c/f. So that f=(c/y}))=/7Hz. It can therefore be 
projected that ELF will be operated at or near VJ7HZ and/or 
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FEF. CCMMUNICATION SATELLITES 


1c ke cl value as a relay point for communications fron 
cne pcint on Earth te another, a communications satellite 
Bust have a predictatle orbit. The orbit must alse hav2 
charact¢eristics which permit reasonable terminal d2signs 
ome car be atfordarly deployed at both fixed sites and 
aboard mcktile platforms. A number of satellite orbits have 
value fer different ccmmunications systems. By far the mes+ 
ropular is the geosynchronous crbit satellite which ha 
unique characteristic of appearing fixed in space relativ 


4) 


to an Farth observer. 


1. Crbital Farameters 


Three fundamental laws govern the orbital moticn of 


Farth satellites. Tkese are: 


1. Newton's law cf universal gravity - The forc2 
on the satellite due to the e2arth's gravita- 
tional field is inversely proportional te the 


distance between the Garth and satellits 
centers. 
2. Kevler's first law ~ Satellite orbits lie in 


st 
planes which pass through the earth's center 
and are conic sections. 


3. Kepler's second law - Ellipticel orbit satel- 
séenri- 


lites have orbit period (T) énd orbit 

Major axis (2a) which are uniquely related as 
1.5 

T O€a . 


Figure Z.11 shows two conic sections of interest with 
respect tc communication satellitss. These are the 2llipse 
and the ¢gpecial case ¢liipse which is a circles. Figure 2.12 
shows the general ellipical orbit. The major axis is 2a and 


the mincr axis is 2b. The central body of the orbit is the 
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Figure 2.11 Conic Sections. 
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Figure 2.12 Elliptical Orbit. 


Beth « The closest point of approach to Earth is called 
perigee and the farthest distance from Earth is called 
apoge€. A characteristic of an elliptical orbit which is of 
scmée interest is eccentricity of the orbit, e€. Eccentricity 


is a measure of an orbit's elliptical shape and is 


determined ty oy 1-(b/fa)2 . Thus as an orbit becomes less 
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€lliirtical, b/a increases sc that ¢ becomes smaller anda 
smaller. HOuMEeNe special Case Of a circular orbit, t=a 
pumeneas the radius cf a circle and ¢=0. Two additional 
parameters cf interest are the instantaneous/ilinear velccity 
Gama Satellite anc its crbital period. Instantanzous 
velocity (v) is given by: 
=— — <= =e eqn oe UO) 
V BA : eg) 
where ju is Barth's gravitational constant 


(3.992x10Skm3/sec@), xr is the instantaneous distan 
satellite, and "a" is the semi-major axis of the orrit. The 


period (1) cf an orbiting satellite is given by: 


T = Qed? /u’ (eqn 2.41) 


where T is in seconds. [Ref. 24]. 

The one crbit which is of importance to present day 
Secslilite cemmunicaticns ifs the geosynchronous orbit. As 
Frevicusiy mentionec, this crbit is characterized by a 
Sieetuer Chrit (eccentricity of zero) with period and incii- 
Maticn selected so that the satellit2? appears staticnary to 
an cks¢rver on Earth. Piciwinaaionm 285 the tilt of the 
crbital plane with respect to Earth's equatorial plane as 
mieemettrated in Figure 2.13. Thus it can be seen that for a 
geosynchzrcus orbit, the satellite must be PGsht2cned abevs 
the earth's equator. Because the earth 1s in orbit around 
the sun in addition te rotating about its north-south axis, 
the crbital pericd of a geosynchronous satellite can nct be 
determined as simply as its inclination. ho 2: TULDS Our, 
the crkitel period cf a geosynchronous satellite is ocne 
sidereal day or T = €6,164 seconds. [Ref. 25]. 
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Figure 2.13 Orbit Inclination. 


TiessdG=CrOital pOrnt GE a gGeosynchronous satellite 


Geemarc s <rcm this pcint ~o the satellits can be determined 


Mepeeddying =he forces acting cn the satel 
sl 


{~ 
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tf 
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ct 
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eametlates as in its crbit, emgaavrset lo: 
the satellite and Farth is Ealanced by the centrifugal forces 
@eeene Setellite orbiting Barth. Fron 


tional fercée is given by 





F=C Metts (eqn 2.42) 
ae 
where G is the universal gravitational constant 
(6.673x1C8cr3/gm-sec?) a is the mass On Farth 


(5.98sxiC23cm), MM. is the mass cf the satellite , andr is 


Memon -capoewpotueen the centers of Eatth and the satellite. 
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Tae Geseittucal forces cf the orbiting satellite is: 


Fo= Mew'r {eqn 2.43) 


wnere q is the anguler velocity of the satellite and is 
equal to 27/T. When equilibrium is achieved, the fcrces 
descriked ry Equations 2.42 and 2.43 are equal and opposite. 
Thus it can be ssen that: 


McsMe _ 2 
poem 


eo that 


r= (egn 2.44) 


ieee. ts Simply the earth's gravitational constant y,- and 
W=27/T. Therefcre Fquation 2.43 can be written in the ferm 


2 NB 
(egn 2.45) 





Substituting the apprcpriate values into the equaticn fory 
and T results in an crbital radius 42,185kKm (26,212milss) 
Beem the center cf Earth. The sub-orbital distance is the 
satellite orbital redius minus Earth's equatorial radius 
(6378&kKms3963miles). The sub-orbital radius is 35,2807Km 
(22,249mniles). Thes accmmunication Signal transmitted 
1d 


bketween the satellite anda sub-orbital Earth staticn wou 
mile 


have a f~rcpagation fath less applied over a 22,249 
ia K . 
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The tangential velocity required for a g¢esynchro- 
nous Satellite to méintain crbit can be quickly determined 
feeeeciying the results of Equation 2.45 to Fquation 2.46.. 
However, Equation 2.39 can be somewhat Simpiified since 7} 
semi-najcxr exis cf a circular crbit is egual to the instant- 
neous distance rfrem the earth which is the sut-orkital 
distance. Thus V =4/u@/T , sec that the tangential velecity 
cf a gecsynchronous satellite is 11,074 Km/hr. 


2. <Aztenna Consideraticns 





If a satellite is tc be used as a relay cf communi- 
cation signals between varicus fpoints on Earth, the coverages 
cx perticn cf the Earth which can be viewed frem the satel- 
lite is impcertant. Therefcre, the satellite antenna bean- 
width cr field of view reguired to provide maximum Farth 
coverage must be determined. From a management perspective, 
the desired antenna tkeamwidth is such that tha transmitted 
electromagnetic field impvingées on the Earth's surface with 
no Spill-cver to the space kreyecnd. Figure 2.14 illustrates 
tne cecmétry to o¢ employed to guantify the satellites 
antenna E¢amwidth necessary to provide Maximum Earth 
coverage while conséervin transmitter power output. sie 
Figure 2:14 , R is the earth's equatorial radius, h is ths 
supbcrkital distance, PS eo vecelaamminelarzcude of Tecep- 
tion, and @ is the maximum coverage beamwidth. 9 can be 


determined from 


R 


ie sin(@/2) ; (eqn 2.46) 


Therefcrzre, 


~6- 
3 
tf 


Zan CS mien (kan |. 
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Figure 2.14 Maximum Satellite Coverage. 
From the deterrinaticn of the suborbital distance for 
geosyrchroncus satellites it can be shown that the beamwidth 
needed te provide maximum Earth coverage is 17.49, 


Similarly, the maximum Earth coverage achieved with this 
antenna is given by: 


29,= 2arccos[{ R/ (R+th) ] 


which turns cut to be 162.69. The maximum physical user 


Dal 





@eeoecatten Gn Farth cen be calculated from 


s = +86 (eqr 2.47) 
where ¢ is the linear distance cover a curved surface, ris 
the radivrs of the earth, and @=29, radians. Thus the 


Maximum tser separaticn is 11,246miles or 18,100Kn. 


9 Satellite 





Figure 2.15 Earth Station Geometry. 
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PSmeiaestetlons | Which are not located et <the 
Suborkitel point, twe factors must be considered. These ara 
the direct path distance to the satellite and the Earth 
staticn's antenna elé€vation angl# to the sateliicts. Figures 
Z2e-15 ilivstrates the geometry used +0 détern 
factors. Since the aqeosynchronous satellite is 


cver the eéquatcr, the Earth staticn'ts la 


4 ct 


directly related to the antenna elevation angle 
direct path distance / to the satellite. The triangle in 
Figure 2.15 can be brcken into two distinct right triargles 
(as in Figure 2.16) to determine both a and 2 Te deter- 
Manes’ the Gimensicns of the lower triangle must first be 
found and then applied to the second triangie. In turn this 
feeeemasicr can Fe used to sclve for a. PniewunG | h and yg7, 


A and B are tound frem 


Xue 2 cos (@) (eqn 2.48) 


h+R 


Oe 


Figure 2.16 Partitioned Geometry. 


cn 
da) 





and 


B= R sin(@ ) : (eqn 2.49) 


Then 


= h+R[L1-cos( @)I 


so that f= B2+C2 , cr 


9 L. 
f= (Hf +2nR +2R°-2hR cos 6 -2R°cos 8) * (eqn 2.50) 


and the angle z is determined from tan(z)=ByC. Or 


7 : R sin(6,) 
aaa h+R-Rcos (6 ) ; 


Now Since there are a total cf 180° in a triangle and @ is 
the angle akove the hcrizon then a@=(1809- 9 -z)-909, cr 


Persie 

a = 90°~@- arctan _R sintGq) ; (eign 2.94) 
i h+R-Rcos( @ ) 

However, if the elevetion angle is known then the general- 

ized fcrm cf the Pythagorean theorem, namely 


c2= a2@+ be- Zab cos § 


{eqn 2.22) 


Cameekec apewireantc Ficure 2.15. 


It can then be shown that 


(h+R)2 = R2 + p2 - 2Rfcos(90%+a). 


54 





ccos(9094+a) = -Sin(a). 


Thus (h+h)2 can be rewritten and put into the quadratic fcrn 


p? +(2Rsina)pf-(h*+2hR) = 0 (eqn 2.53) 


and, wSing the scluticn of a quadratic equation, f/f is evalu- 


ated free 


-2Rsina~V4R2sin“a + An? + 8hR 


= —— CC (eqn 2.54) 
Z 
Now 09 < a < 909, Furthermore, the distance / must always 


ke positive, therefore Equation 2.54 can be written as 


f = -Rsina + R*sin*’a + h* + 2hR Cece core) 
ExXam@pite 2.2: Assume @ geosynchronous communication 
satellite is "parked" at 1779 East longitude. $If an Earth 


staticn is located in Singapore ie onecey then § , the: 
angle ketween the satellite suk-orbital pcint and the Earth 
etaticn, is 739 (mere accurately 73°900'08") and using 


Eguaticn 2.51 the elevation angle of the Earth steéetion 


antenre can be determined tc be 8.49 abcve the herizcn. 
then frem this elevation angle the propagaticn path {/) 
ketween the satellite and the Singapore staticn is deter- 


fined via Equaticn 2.55 and found to be 25,338 miles. 
Example 2.3: Assume an Earth station satellite 
antenna must be aligned such that for maximum tec¢sived 


Signal fewer the antenna is pointed 59 above the korizecn. 
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Meee secance GVEr which the signal must propagate from the 
Satellite to th Earth station can be determined from 
Meypetacen 2.53 anc 1s 25,567 mries. If the carrier fraquency 
iennown cc be 6GHZ tren the path loss ( Equation 2.32 ) is 
Geund to be -200dB. 


As electromagnetic waves propagate from a radiating 
antenna they expand or "spread" ain acccrdance with the 
antenra's radiation pattern. From Figure 2.17 , an eléectro- 
Magnetic wave propagated by anantenna with gain g = and 
planar beamwidth Pr will ke spread over a distance W ata 


distarce D units away from the antenna. 


Antenna 


<a 


Figure 2.17 Expanding Plane Wave. 


The one dimensional spreading distance Woof the 
propagating wave can te determined provided the transmitting 
aqcain (g) is krown and the Spatial radiaticn pattern 
metrical. From Equations 2.9 and 2.10 it can ke shcewn 


®, 
2 


ees 
= 2Zarcsin(—) * 


Sys 





and frem trigonometry: 


W | 
ae aoe, 2) 
D BED 


Then 

WwW = 2Dtan(P, / 2) . 
Meme ytl7g) = x anc @= arcsin(x). Using the trigemetric 
identities tan2a = (2tana)/ (1i-tan?@a), where a is in terms of 


arcsin(x), and tanf{arecsin(x) ]} = (x27 (=x) ] ; then 
2° x*/( once) 


mere a ee 
eee isis) ) 


Since x=+/(1/g) , 
2V¥1/g Vig-1)/g _ 2yg-l 


ae )7- 5 g-2 


tan2a = 


Thus 


AYg-l 


wWw=-D—_——_—— . (eqn 2.56) 

g-2 
Equation 2.56 indicates that as the gain of an antenna 
increases the spreading of the plane wave at ae given 
distance decreases. A guantitative compariscn of the gains 


and ¢freading distances in Table I exemplifies this. 
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TABLE I 
Plane Wave Spread Distance 


Antenné W/D W 
Gain (Miles) 
(d B) 

10 lo SUNG u5.0 
20 0. 4061 a5 Pe 
30 QO. 1267 Byes 
4d 0.0400 te 2 
45 O. 0225 0.7 
50 0.0126 0.4 
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In crdéer for an artenna to receive &@ froragating 
electicmagretic wave, not only must the receiving antenna be 
within tke area which the propagating wave traverses, but it 
must alsc ke pointed in thé direction of the transmitter. 
Therefore, if the transmittirg and receiving antennas are 
separated by a distance D, Equation 2.56 (which descrites 
the plane weve spreading distance) determines the distance 
that a receiving antenna can travel and still be within the 
field cf view of the transmitting antennée. Assuming the 


antenna in Figure 2.17 describes a receiving antenna, 


}v 


signal criginating at any point along the line W can be 
"viewed" Fy the antenna, as long as the signal is fropa- 
gating tcward the receiver. A critical questicn tken 
follows, “How accurately must antennas be pointed?" 

For the case cf a geosynchronous satellite which has 
a transmitting antenra providing Earth coverage (17.49 tean- 
width) ait can be shcwn that if the antenna is misaligned 19 
from the sut-orbital foint all Earth stations on one side of 
the gickre fall outsice satellite coverage (see Figure 2.18). 
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Figure 2.18 1 Degree Satellite Antenna Misalignment. 


The misalignment distance S, is given by 


——=. 


where D is the distarce from the antenna and 6 is the misa- 
lignment in radians. Thus fera gecstationary satellite 
antenna misalignment of 19 , the transmitted signal is 
shifted ccempletely ort of view for Earth stations within a 


s88mile fringe where coverage would normaliy cccur. 





Genmemsely, —«feinting accuracy for an Earth station 


antenna is 
Jite's ant 
antenna is 
the center 
withir tke 
accuracy 

creamwidth 


Wowie Or eeed i as the pointing of the satei- 


feta. “Shoe sLeculq Ce Chserved, if the Barth station 


eligned in such a way that the satellite is in 


Seethemmcrtcimagdam Pattern, in order tc be 
field of view of the satellite, the pointing 
2 


Ct tne antenna must be no worse than half thé 
(see Figure 2.19). 
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Figure 2.19 Earth Station Antenna Misalignment. 
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Fe FERFCRAANCE CRITERION 
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In the actual creration of a communication syste 
Tecovered x«avetorms at the receiver do not generally 
Svpond exactly te tke desired waveforms produced i 
transmitter. This is due to anomalies occurring in tr 
mission and reception that cause Signal distortion and 
inserticr cf interference and nois2 waveforms. Th 
effects cause a kasic detericraticn of the desired wavefcrn 
and degrade the overall communication opesraticn. Tce assess 
the rerfcrrance of acommunication link itis therefore 
necessary tc acccunt for these effects in system analysis. 
Typically, @ specific performance criterion relating desired 
and actual cperation is first decided on. Subseguent systen 
compariscn is then based on satisfying the criterion. When 
more than cne system design is being considered, @ ccmpar- 
ison can ke made with respect te the decided criterion and 
the mest favorable system can be determined. 


Cne cf the most convenient and widely used meas 


O CG 
‘3 ‘ 
O 

}- 

in 

‘D 


perfcrmarnce in ccmmunication analysis is the signal < 
Tatio (SNR). Signal tc Noise Ratio is defined as 


SNR power in desired waveform 
= cS ‘ 
power of the interfering waveform 


Thus SNR indicates hcw much stronger the desired sig 
relative +o the interference at some point in the gs m 
If SNR is greater than one, there iS more power in the 
desired signal than in the interference, and vice versa if 
SNR is less than one. [Ref. 26]. 

In acdition to ccllécting the desired carrier field from 
a trarsmitting antennae, a receiving antenna also colléscts 
noise energy from beckground scurces in its field of view. 


This background energy is due ovrimarily to random noise 
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@tece2cn=s trem galactic, solar, and “*errestrial esurces 
constituting tne sky backgrcund. The amcunt cf noise 
collected try an antenna is the major Jlimitaticn tc «he 
sensitivity of the recéiving system Since it determines the 
weakest carrier signal that can be distinguished. Ancther 
+ype cf noise which may appear during recerftion is radio 
frequency interference (RFI) and is due to cther tr 


ansemnit- 
ting scrrces. A third and final noise to tke mentioned is 
+hermal noise. Precmenes sents due to the randon mocticn of 


electrcns within the communication system component material 
and is directly related to material temperature. As the 
temperature of the components increases so does electron 
mcoticn and thus the circuit noise level. Thus thermal noise 
is zere crly at a temperature cf absolute zero. [{Ref. 27}. 

The multitude and complexity of factors which mie Cu 
btackecrcurd noise and RFI preclude further discussicn of 
their ccntribution tc system anaiysis; however, thermal 
noise cr the noise generated within the communication systen 
Warrants further study. 


Ge SYSTEM NOISE 


Consider an electronic device as shown in Fiqure 2.20 
which is being fed by a constant source with output imre- 
dance 2, that is matcted to the input resistance 2;, cf the 
device. Assume the scurce is at a temperature T, Kelvin and 
that the power gain cf the device is G. Thus it can Le seeén 
that 


It is well decumented that a resistor having impedance Z. at 


tamperature T, géneéerates a thermal noise voltage whose 
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Figure 2.20 Electronic System with Noise Sources. 


(voltage) spectral dénsity level is given by 4kT, 2, (velits) * 
per hertz, where k is Boltzmann's constant, 1.379x 10-23 
wattsy Kelvin hertz (see Figure 2.21). The noise voltage V 
generated ty 2, in tke bandwidth [0,38] is 4kT, Z, B. The 


thermal reise voltage generated by the impedence 2. can bé 


5 
viewed as an external voltage source so that Figure 2.20 can 
ke viewed in terms of the system shown in Figure 2.22 wher: 
Z, if new Ccnsidered noise-free. Using the voltage divider 


principle it can be se€én that 


eee 
Wo ee ee (eo 25 S9) 
Zg + Lin 
V/s 
4kT 52s 
i 
O B 
Figure 2. 21 Resistcer Noise Voltage Spectrum. 
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Figure 2.22 Noise Voltage Source to Electronic System. 


Since rpeweris given by the voltage squared divided 


jmeometanrce jit can be said that 


4 
7 
= (eqn 2.8) 
in 7, 
in 








Usieg tre definition fcr noise power, P, can be written as 


Pos |} os (eqn 2.59) 
Zs + Zin Zin 


Jo achieve maximum pcwer transfer Z, and Z, must be equal. 











Pin Electronic system 
with power gain G 


Figure 2.23 System Noise Power. 
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Setting Z, =Z. in Equation 2.5S , one obtains 


for isprecance matched conditions. As shown in Figure 2.23 , 
the output noise power of a device due to its input thermal 
noise is given by the product cf the device input fewer and 


the device fower gain. Hence 


ionmcemep ower, OULDUtT of a device . 
KT,» BG = in B hertz due to the source (eqn 2.61) 
themmal nowse at I, -» 


The noise figure F of a device is defined as 


ical output noise in a bandwidth B 


: 0 : 
z : when input source is at 1-290 Kelvin . (eqn 2.62) 


Output momce cuemonily toa the source in 
bandwidth B at temperature Ty =29® K 


[Tevice noise ficure therefore is the ratio of the total 
output device noise to the output noise due to the sourcs 
alone, wren the input source is at 2909K. The total cutrut 
noise is that noise due to the input source plus that due to 
internally generated noise within the device itself. 
Denoting tke internally generated noise power as re 
Equaticn 2.€2 becomes 


kK (290°) BG a ee ee ar 5 ws 


kK (290°) BG 2 OG°) BC 





It is readily apparent that F>1 for all practical cases 
since P, 70 only fer an ideal noiseless systen. Nois?2 
figures are usually expressed in decibels with typical 
values fcr receiver amplifiers in the range 2-12dB. From 
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Hoesici 2.cj Mame AalGumt @f nezSe generated in a system is 


giver by 


P kK[(F-1)290°]BG . 


wnt 


Eut pe 250° so that 


rg 
lI 


oonon 1) la iBG (eqn 2. €4) 


Comvaring Equations 2.60 and 2.64 it can be seen that ths 
interral nceise can ke viewed as if it were caused cy an 
input system temperature (F-1)T.. This temperature, Che, 
is called the device eguivalent temperature T so that 


Dag = (Pay € (eqn 2.65) 


Example 2.4: Assume a device has a noise figure of 348. 
Then F=2 and the eguivalent temperatures of the device is 


given by 
T = (2-1) 2909K 
eq 
te) Z90°K , 
Example 2.5: Assume a device operates at an equivalent 


0 - 
temperature cecal K, then the device noise figure can be 
determined by: 


— 


7Q0= (F-1) 290°. 


Thus the nceise figure (F) = (70/290)+1 = 1.24 or 0.94dB. 
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ire rest Cases am silectronic devics 1S composed cf 3 


series cr cascade cf devices each having its ci 


x: 
ry 
io 


o 
figure 2rd vower gaiz. In order to determine the total 
noise power of the system, the noise figure of e¢ech stage of 
the cascade must tke evaluated. bem anal ysss  Purce 


O 
ft 
M 
i) 


consider tke cascade in Figure 2.24 ; each device has noise 
figure (NF) F, and F, and power gain G, and G, respectively. 
Assume tke devices are impedance matched at their respective 
input and cutput terminals. Then given that P,,, =kTE and 
from Eguaticns 2.62 and 2.64 


where 
Fe KC (F,-1) 1, )BG. 
Therefcre 


Ee pzkT, BG, +k (F, -1) qT, ]BG, 
Pout 1=KT, EG) [1+ (PF, -1) ] 


Put j=kT, BG, F, - 


Now frcem Figure 2.24 and assuming impadance matched ccendi- 


tions, it can be seen that F = Pp. so that 
Guru. 1 ee 
Er a Pine © 2 a Fint2 
eee, ~ SLi -1)T, BG, 


SRE BIG 2 lee + Kee one) ne eter ; 
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Figure 2.24 Cascade of Two Systems. 


Memeeng £Or the total noise figuze according to Equation 
D6 2 


Lee 5 7 am K(F5-1)T )BG> 


EF = FO}. ~SC—=« (eqn. 2.66) 
I Gy 


Fcllcwing a similér approach, an analysis of a system 
containing séveral cascaded devices can be conducted. In 
general a cascade of n devices results in an overall systen 
roise figure equation of 








Po I re 1 Sa th ES i 
F = rt <= ae ap t+eeeeet Tce. {eqn 2.67) 
Si Sh Se eS 
where F. refresents tte noise figure of the ae stage; G 


represents the gain cf the re Seagemamd =i ,2,3¢s<<N- ie 


should be noted that in Equation 2.67 E and Gare nurbers 
that is, net given in dB's). 
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Example 2.6: Assume @ system is composed of three noisy 
devices in cascade each with the noise figures and gains 
ieercatcd in Figure 2.25 . The overall system noise figure 


can then be determined using Equation 2.67 so that 


. Sot ot Sg en 
om | GOON. 023) 


e—) 2eemoaol + OLO21 | 


F = 2.0742 
Ccmparing the resultant noise figure to the noise figure of 
the first stage alone, it can be observed that had the 


h 
overall noise figure been estimated as equal to the first 
secticn reise figure cnly, a small error would result. 









Device 1 Device 2 









sap 
Gain=20dB 


NF = 8dB 
Gain=.1dB 





Figure 2.25 Cascade of Three Noisy Devices. 


ExaMination cf Equation 2.67 indicates that each succes- 
sive stage cf a cascade device ccntributes less and 1léss to 
the overall system neise figure. Furthermore, the first 
stage ccntribution is its entire noise figure while the 
contributicn of the second is scme inverse propertion ef the 
gain cf the first device. Therefore, it can be concluded 
that wher ccnsiderinec system ncise figure, the most imper- 
tant factors for a cascaded system is the first stage noise 


figure and cain characteristics. 





Fecause thermal ncise is caused by the random meticn ef 
electircns and systems cannot re operated to aDdsciutée z 
temperature, every eiectronic device must necesserily have 2 
noise figure asscciated with it that is grea 
Consider a purely icssy or attenuation device such as a 
eater =SciOT, line, waveguide cr cable at a témperature (T,} 
(Figure 2.26). Let L, DemenommeeMe: LOSS) faczOor Of the 
attenuating device. Assuming a matched input power ¢scurce 
is at té¢mperature Tye then the input noise power tc the 


attenuatcr is given [Ty Equaticn 2.60 so that 


ee oe (eqn 2.68) 


Then frcr Scueticn 2.61 the noise power out of the attenu- 
actor is 


Pout = KTgBlg (eqn 2.€9) 





Figure 2.26 Noisy Attenuator. 


and since L, < 1, then Poy, < PR}, so that the difference in 
the pewer levels must be the noise power dissipated Ey the 
axtenuatcr and therefcre is the internal noise power gener- 
ated Ey the device. It can then be seen that for any lcssy 
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device 


a = p ee (2 CO Wee.) 0) 


mmemeryoutien Of Equations 2.68 and 2.69 into Equation 2.70 
results ir 


ce KT ,B - KT BL, : (aqme 2. 71) 
Now to determine tke noise figure of tha loss dévice 
Eguaticn z.71 can be substituted into Equation 2.63 thus 


kT gB(1 - Lg) 
eT, (830; 


F= 1 + 
g 


Fel+e—-i— ., (eens 2572) 


It can ke concluded that when the input source? to a lossy 
device is at To, then the noise figure of that lossy dévice 
is given as 


pas {eqn 2.73) 


iL 
Lg ° 
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Attenuating devices such as waveguides, cables and 
MeeeSiecn lines are grossly specified in terms cf their 
rower lees rer unit length, sucn as for example 0.102 rer 
meter. Thus an attenuating device's noise figure changes as 
its length is alterec. 
Exarple 2.7: Determine the noise figure of a S5Qmeter 
long coaxial cable having a 0Q.1dB/meter loss at a temperza- 
mee Cr 250°0R. 


(I,) dB = (SOmeters)X(0.1dB/meter) = 5dB. 
Thus the tcetal cable lcss of 5dB translates to L, =0.316 sc 


Pepe 11/1, )-1 12, /T, 


ry 
I) 


1 + [ (17.316) - 1)(350/290) 


le ES) eng Gays) else 


What is the noise ficure if 10mreters are cut from the cable? 
It is readily apparent that the loss of the cable is new 4dB 
which represents an L, of 0.398 and therefore 


F=1+ [ (1/.398) - 1](350/290) 


F = 2.2 


cr equivalently 


F= 3.4 dB. 




















Preamp Waveguide 
F = 1dB L = 0.1dB/m 
G = 20dB i= Zoer K 


Figure 2.27 Receiver System Front-End Block Diagran. 


Byearplying the underlying concepts of Equaticns 2.67 
and z.73 , the cverall noise figure of a system comecsed cof 
a cascade cf amplifiers and attenuators can be obtained. 

Example 2.8: Given a receiver front-end block diagram 
in Figure 2.27 fer which the maximum acceptabie system noise 
figure is 10dB, the maximum allowable length of 
guide can ke determined. 


the wave- 


Pguide ew P amo = 
a 


= F [- an 
oO ta | preamp Goreamp Greamp -guide 
L/ lg - | 6.32 > 1 


a. Mo choos, # * 


Now F otal = 10dB, so 


10 


(1.26) + (1/100L,) - (1/100) + (5.3/100L, ) 
81S = Ses Ole) 


Lg = 6.3/875 = .00721. 
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Cable amoLLi ler 






Noise Figure=F, 


Gain = c. 


Figure 2.28 Receiver Front-End. 


Thus 


so that 


-21.42 dB 


SG cae 214.2 meters. 


length of guide = 


Therefore, the maximugd Length the waveguide can be such that 
the cverall system noise figure will not eéxceed 10dB is 
z14.2meters. 

As mentioned in the rprevicus section, one cf the 
rerfcrmarce criteria used to evaluate performance cf e€lec- 
tronic systems is their output signal to niose ratic (SNR). 
The SNR cempares the desired information signal power tec the 
interral ncise pewer level. A simple expression for SNR is 
develcpec through use of an e¢xample, as illustrated in 
Figure 2.28 . Assume the received carrier power is F, , the 
cable ccnnecting «he antenna te tne amplifier has a less 

h 


factcr Lg and is at 1, Kelvin. Hicomatobtact has a n 
s 


J 
| 
O 
{- 
in 
iN 
th 
j 4 
WM oO 
c& 
ts 
1D 


Beguee £. end a gain cf G,. The overall syste! 
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Fis determined to ke (F,/L,) frem Equations 2.67 and 2.73. 


Meretacn 2.63 indicated that 


It can ke e¢en that the output noise power (P. frem the 


nit 
systég is given by 


Deh Ly KD, BL, G, - 


Poemem@e SIGNel OL Carrier input Power to the system is P,, 
the cttprt signal power from the system is given by P. 1,6, - 


Thus 


ot Ibe 
S\N - oro 
[(P, /\,) - 1 JkT,BL,G, 
cr 
P 
SNR = is 


hay = 1ikas 


Recognizing that PAL, is the overall system noise figure in 


the example, a generalized syst2m SNR can now be stated as 


P 
SNR = es A (eqn 2.74) 
(F - ci is 


ve 
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Be. MICKCWAVE RELAY SYSTEM ANALYSIS 


In 1S47, the Bell Telephone System placed the first 
micrcwave carrier system in oferétion. Microwave systems 
bterziaze line-of-sight transmission; therefore, the systen 
transmitters and receivers must be situated such that they 
can "see" each other along the curvature of the earth. This 
is acccmplished ky mcunting the systems’ antennas on tcwers 
kigh abecve ground. Fer econcmic reasons, towers of aprroxi- 
mately 1¢CO0feet are ccmmonly used. Thus the maximum distance 
fetween each tower can be determined by Equation 2.38 . fhe 
enalysis cf a microwave system is initially approached via 
the use cf the power budget equation. A more practical 
approach that accounts for ccnstruction limitations is then 
analyzed. 


1. ‘Thecretical Approach 


Assume a signal must be ‘transmitted cver seme 
distances D. winich is beyond line-of-sight. In this case an 
intermediary relay must be installei as shown in Figtre 
eee Alsc assume that thse relays are equally spaced at 
some ADL interval and each has a power amplifier with a 
gain cf A. That is for any given relay, oye 8 ane Os 
equivalently 


(Po. ) G8 = (P, ) dB PA) dB. 


Cisregarding noise, assume each transmit and receiv 
woeomecergein of G, and G. respectively. Also assu 
Losses except prcpageticn path less are combined in cn2 term 


jabled L. Then tefering to Figure 2.29 


(Feil = (Fin dg * (Ag 


a 








Figure 2029 Microwave Relay Systen. 


(rile = (Finke * Mg tHe thle tra + (Gra 
(Fr2) gp = (Frida + (A) 2p + (1). + (Lo) op + (Gt)op + (Gr)op 


Substituting = inte successive e2guations it can be sé¢en 
Gina t 


(Fiske =~Pindg tI0 Ag tg tg yg (6) +05) J- 


Again referring to Figure 2.29 it can be demonstrated that 


Po—amGcmm@uniacats.cCnh link over a distanct D. is broken into pn 


; 
equal secticns of distance AD then the number of repeaters 
which will be installed is 1-1. Thersrtore the rower 


received by the n™ receiving antenna is given by 


ee eg PPL UMN tL), +L) gg td tS.) 1: 





L, was previously defined by 


Gm@emin Figure 2.29 Dis the distance related tc the path 
loss retween each relay. Piero Tor ecach |b, factcr in 
meee guaticn for P,, 


4 - | 


P [ 4a ADE 


Z 


Since [sn = ADF then for this analysi of the systen 
depicted in Figure 2.29, 


Zz 
— [Stare 
_— aane | ° 


Therefore any microwave relay system can be analyzed in 
terms of the power received at the receiver site antenna 


where the received pcwer is given by 


ne 
(Fen) = n[{A + L + 20LosamED * G,+ GJ + (Pin) (eqn 2.75) 


and all factors are dE values. 

Example 2.9: The cne link system. Suppese that 
L=3GE; A=20aqB; P, = watt; G, +6, =40dB 
f=10GHZ; the power received can be determined from Equation 


dzstance =100Km; and 


J a6 


Ze75 where n=1 for this case. First, however, (I) cB is 
determined from Equation 2:36 so that 


L p= (~32 244) -20 (10g100)-20 (log10) = -152.44 dB. 
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Then free Equation 2.75 


F., = (20dE-343-152.44aB+40dB) + OdBN 


Fxarple z10: The two link systen. Given the same 
values of the previous example with the exception that a two 
link system over a 1CC km distance results ina distance of 
F0Km retween any trarsmit-recéive antenna pair. The propa- 


Gaeach path loss factcr (L,) is now reduced to 


ine 32.44 = 2010g(50) - 2010g(10) = -146.42cB. 
Then 
"£., = 20dB -3dB -146.424B + 404B = -89.42dBW 
and 
F.o = (20GB -3dB -146.424B + 4O dB) - 89.42dBW 
(E,) dB = -178.84 dBH. 
If a system is to be installed over a given distance 
and a@mfinimum ievei of received power is necessary and 


known, tke minimum numker of relays nseded can be determined 
Wong Eq¥ation 2.7/5 . 





Exampie 2.11: Assume P,, 2-15dB; Pyp = Twatt; 
A=30dE; 1=3dB; f=1GH2; G,+G,=90dB; D=100Km. The minizun 


number of relays neeced is determined from 


EF = n{30 - 3 + 20loc(nc/4mf£D) + 90} + 0 


rn 


-15dB = nf -15.44 + 2010g(n) dB. 


Soluticn cf this ncnlinear equation inn is best acccn- 
Eeashed Ey trial and error method, so that for this example 
n can te determined from Table II. Clearly Table II indi- 
cates that the minimum number of microwave links is 4. 
Therefore, two relay towers should b2 installed between the 


transmitter and receiver in this microwave system. 


MM a = 
| TABLE If | 
| Solution to Fxample 2.11 | 
| 
! n D (Kf) P (dB) 
| 1 100.0 -15.44 | 
2 Ors 0 -18.84 
3 Be. 3 -17.70 
| rT 25.0 -13.60 | 
{ | 
ee les cs ce ace sees le anes sakes Suse eee teatro <a ore hie ne RTE SE NEETU <I STED SNEED SUD AND D-DD SEED ag pnp caramel 


Zz. Apeclications Approach 


A mere realistic problem is one in which the total 
transmissicn distance is knewn anda specified numter of 
links is required. The problem is to determine the power 
level recuirements at the receiver. 


8 0 





wn 
Perec, tc. = 70ads, f=IGiZ, “distance of sntire syst: 


FQOKm@; and 10 links are to bse used. The minimum received 


EXa@apLle 2.12: Assume that P. mone iwant > ~ A=30dB; 
mi 


power level can te determined to be 
Peed tG eR, 
rene st 


L)= ~semweas —~201oqg (500710) =201ceg(10) = 126.4208. 


Then 


P.,= VO{30dE -3dB -126.424B + 90dB] + OdBN 
P = -94.2dBNW. 
rn 
Nerrally, technical considerations dictate the 


Minimum discernable signal level required at the input of a 
the 
required input signal power. In addition, the Federal 


receiver. Thus Equation 2.75 can be used te determine 


Communicaticn Commission (FCC) or other regulatory agencies 
may lirit transmitter power and operating frequenci¢s; 
therefore Equation z.75 can be used to determine total 
antenna gain parameters. Assuming the carrisr frequency and 
the numker cr relays are determined prior to system design, 
With regard to the variables in Equation 2.75, only the less 
factors can be considered physical properties which the 


system designer can net aiter. 
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AS mentioned in earlier segments of this Chapfte 
yeereet Signal-~o-noise ratic is the predominant p 

which a system's perfcrmance is evaluated. BUS gaat €c a 
then that scme effort pe madé¢ to dev2lop an understandable 
apprcach te the determination of SNR for the microw 1 


system. 





Figure 2.30 Hulti-link Microwave Systen. 


Assume a micrcwave relay system consists of n links 
cf equal distance as illustrated in Figure 2.30 . Further 
assume that Similar ccmponents are used for each link such 
that the lcsses from propagation, atmosnvheric conditions 
(i.¢. rain or suspended particulate matter), and coupling 
can te "lumped" tocether into an aggregate gain term G. 
Also, if the noise figure and gain cf the amplifier are 
known and denored F, and A respectively, PoMereauze 230 
can be viswed as being represented by Figure 2.31 . Lét the 
cutput pewer of link 1 ke dencted P.., such that 


Pot1 =Fs1 +Pni 


| L} 





; ' ake ae 
Amp Gain ‘ae Creme «AMD Gain: jAmp Gawmi 


‘ ' j 
l E e : F ‘ { F + fF 
a a a a G es 
Pin A i A a out 


Link 3 Peelolmce 1 


i 
| 
eeeaeeeaeae ce 2 @ Pa | eeoaneoeceae2names a 


Figure 2.31 Simplified Multi-link System. 
where P., is the signal power cut of Link 1 and B, is the 


roisé power out. Tren the signal power out of Link 1is 
giver by: 


Psy =e n AG 


where P. is the signal power input to Link 1 and the noises 
rower cutrput of Link 1is 


Poi =Fint G 


Meweeeto, 25 the ncise power generated by the amplifier. 


From Equaticn 2.64 it has been determined that 


EB. ae (F. =A) kT. BA 


En 


so that 


FE, =(F,7-1) kt, BAG. 


@ 0) 
(ad 





MGEeEOSe tne 9 Sagnal-to-noise ratio for the first Jlirk of 


the system is 


SNR, = Eo 7nd 


SNR, = P;, AG/(F,-1) kT, BAG 


les 


_ nn 
SNR, = (Eh - lKRB (ear, 2. 70) 


It can ke readily seen that in Figure 2.31 the 
Simeeat cot Link 12S the input to Link 2 and consists of bcth 
Signal (F.) and noise (P,)) , PacmoOewinemon lank 2 will be 
as amplification of koth signal and noise plus some addi- 


tional neis¢ generated in the Link 2 amplifier. The signai 


power cut of Link 2 is 


Po =R, AG 
eke 


EY =E AG 


ts) 
O 


P, =P. (AG) 2 


The neise pewer cut cf Link 2 is 


EJ=(P, AG) + (B46) 


Eat 


84 





alt 


B= (F,-1) kT, BA 


and 
P,=(P, -1)kI,BAG. 
Thus 
Po=(F, -1)kT,B (AG) + (F471) kTy BAG 
er 


a (E ~VYkT Bf (AG) + (AG) | 


Therefore tke sSignal-tc-noise ratio at the output side of 


Link z ig given Ey 


SNR, = Po/Po 


SNR,= PB. (AG)2/(F, -1) kT, [ (AG) 2+ (AG) ] 


It can tke shown then that by applying Equation 2.76 the 
systen SNR at the end of two lirks is given by 


SNR,= SNR 1A 1+ (AG)? ‘ 


a5 


where SNE, Peo wenel-tcC-yorSe fFatio of the first lirk. 


menecanuirg in like manner 
F,=P., (AG) =F, (8G)? =P,,(AG) 3 
and 
oe Pg hGtPs. =F, (4S) “+E. (AG) e+b eG 
er 
er 1k Tt) B(AG) 2 + (PF -1) kT, B(aG)2 +(F,- 1) kT, B(AG) . 


Thus 


SiN R, = 233 /? 3 


SNR,= P, (AG) 3/(F,-1) kT, BE (AG) 3 +(AG)2 + (AG) ] 
which siaplifies to 
su sn, { 1/014 G2) ++ 046) #1] 


where SNF, 25 the signal-tc-noise ratio or the first relay 
Hank . Io determine the signal-to-noise ratio of an n link 
gmicrcwave relay system, the following aquation applies 


1 
SNR = SNR —y—————— . (eqn 2.77) 


bac) a. 
el 
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cince 


from tke weli-knewn clcsed form sum for a geometric series, 
ramely: 


| - x Once sl 
M-1 a 
yt 
k=0 
t M imei oce =. | 


Equaticn 2.77 can ke expressed accordirgly so that the 
overall SNR at any given receiver within <he system can be 
Geterrined from 


SNR = 


and 


SIS eh As i) fem, 18g 


where F, is the noise figure ard A is the gain of the arpli- 
Peon tsed ingthe link, P, is the signal input power tc the 
transmitter, andG is the aggregate gains and losses from 
the transmitter amplifier output to the receiver perticn cf 


a single link. 


E 7 
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Eames e Zects: Assume a 4OOKm microwave systen 
consists cf seven relay tcwers equally spaced between a 
transmitting and receiving station. The power amplifiers in 


the system each have a 60dB ncise figure and a gain of 60dB 
within a 10MHz bandwidth. The signal power into the system 
is Iwatt and each artenna has 25dB gain. Assume coupling 
and atmospheric attenuation acccunt for a combined less of 3 
Seeecer link. The SN after the first link is easily deéter- 
mined. If the carrier frequency is centered at 1000MHZ then 
uSing the fropagaticn loss equation (2.35), *he propagation 
Mess per link is fourc to be -130.6dB. Thus the aggregate 
loss krEetween the output side cf any of the power émps and 
the frent-end of the subsequent receiver is -54dB. Thus 


SNF, = 1/[ (10°-1)(1.379x10™ ) (290) (107) J = 2.5x 10’ 


SNR, = 74dB. 


Recall that fcr the SNR equation all dB values must 
ke charced to their respective ratio values. Then the SNE 


for the system at the second link can be determined frem 
SNR, = 25x10’ { 1/(1+(acy*]}. 


The gain cf all amplifiers is 60dB so «hat A=10% ané the 
aggrecate gain(lcss) cf the transmission channel is -544B or 
G=4.4x107°, Thus the tctal value for (AG) is 4.4, 
Therefore, 


SNR, = 2.5x10’ (1/1.23) = 2x10’ 


€€& 


fi 





Mmeciiae the SNR ater the ¢eccnd link is 73dB. mee 
the end cf the eighth link the system SNR is found by use 


A 
fv 
tLe 


O 
th 


the eguivaient closed forn sum value so that 


ees 
— (=) 


SNR, = 2.5x10’ ri 
a a 
SNR, = 2.5x10" | —~3-955007 


SNRg = 1.9x10/ 


mise the Cyerall system SNR at the end of the total link is 
WOE . 

AS can ke easily observed from both Equation 2.74 
and th2 previous example, the microwave relay system 
Signal-tc-nceise ratic is dceminated by the signal-to-noise 
meee Of the first link. Therefore, carerul consideration 
ef the transmitter's power amplifier noise characteristics 
Rust be rade when désigning or specifying contractually a 


Micrcwave system. 
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ZTII. TRANSMISSION LINES 


Tt should be cf ne surfrise that the transmission line 
was the first communication channel used for electronic 
communicaticns [Ref. 28]. Transmission lines forred the 


infrastructure of the American Telsphone and Telegraph 
system ard until the latter part of this century were 
cniy means of establishing transoceanic communicétion 
networks. Transmissicn lines are generally grouped into 
several classes according to their cross-s¢ectional geometry. 
The principal classes are: (1) balanced open-wire lines; 
(2) ccaxial lines; and (3) strip lines. However, all of 
these ccrsist of a pair of parallel wires and therefcre have 
certain preperties in common which allows a generalized 
analysis. 

An essential characteristic of all trénsmission lines is 
that their cross-sectional share, dimensions, and electrical 
properties (e.g., ccnductivity cf the wires and dielectric 
censtant cf the interconductér medium) are constant aionce 
the length cf the line. This froperty, known as uniformity, 


i 


(n 


characteristic of transmission lines in generat and iis 
the basis fcr subsequent transmission line analysis results. 
Furth¢ermcecre, a traremissicn line is censideied as passive 
and therefcre is a "lessy" or attenuating device. Because 
cf line uniformity, transmission lines are grossly specified 
in teims cf their pewer loss fer unit length. This power 
Mee cr attenuation fer unit length is denoted by a@ and 
normally stated in dE‘*s. Given the general communication 
system illustrated in Figure 3.1 the total transmission line 
attenuaticn (L) in decibels is determined by multiplying the 


line attenvation factcr (a) by the total length of the line 
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Transmitter (i 


Transmission line (a) rig! Receiver 
Attenuated 
Pure no1lsy 
input output 
Signal Signal 
Figure 3.1 Transmission Line Communication Channel. 
(D), so that 
L, , a g 


Unlike the study cf antenna systems which focuses on the 
decreasing field density of an 2xpanding electremagnetic 
wave which must therefore ccensider external signals cr noiss 
sources as potential degradaticn factors affecting systen 
perfcrmance, analysis cf the transmissicn lin¢ can generaily 
ignore cttsidé signal sources since the communication signal 
is confined to the transmissicn line as well as protected 
frem general interference from external signals. The 
Signal-tc-ncise ratic criteria used to eévaluate system 
ferfcrmance can then ignore ali but thermal noise generated 
bry the randcm molecular motion within the transmissior line 
compenent materials as discuss¢d in Chapter 2. 

Centrasted with the previous chapter which first devel- 
eped a detailed study of antenna system parameters and 
culminated in a rEroad analysis cf a microwave relay systen, 
this charter begins with a generalized analysis of various 
transmissicn line configurations followed by the details of 
the line characteristics. 
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A. GENEFAL SYSTEM ANALYSIS 


Tke simplest trénsmissicn line system is one ccmrosed 
sclely cf @two wire conductor placed between the trans- 
mitter and receiver sections cf a communication svstem as in 
Figure 3.1 Assuming the unit length attenuation factcr (a) 
cf the transmission line is knecwn, the total attenuaticn of 
the line is determined by Equation 3.1 It is known that the 
ratio of system power cutput te system power input descrites 
the system's cverall cain or loss. Wsanhoerhigurs 3,2 it can 
r2 seen that 


be 
oe LOSS (equ, 3.2) 
Pia 
where the lcss (L) in dB's is given by Lig = aD. But the 


rower ctt-tc-power in ratio is not a dB figures; thus L must 
ke cenverted from dB notation such that: 


Se ee (eGn 353) 





Figure 3.2 Simple Transmission Line Systen. 
It shculd be noted that L represents a loss and must there- 


fore fe less than 1. Loraomto Mord in Equation 3.3 it 


must Ee realized that the a term is negative. 


we 


¢ 





As isecussed in Section F of Chaptez 2, a 
pega il—-=c-ncase satic (SNR) iS an important critericn in the 
€valuaticn of a system's perfcrmance. Saom@o siren 
MitetNal noise is considered tte only source of noise 42th 
affects signals cn a transmission lines, the system SNR is 


given by 


power of signal out 


2 ae power of internal noise 


~ 


From Fgquaticn 3.2 it can be determined that 


P =P L (eqn 3.4) 


and trem Section G of Chapter 2 the noise pewer or internal 
noise cf a lossy device is given by 


e al ‘ " 
lee = & — 1) kT ,BL ° (egn 3.5) 


Therefore, by substituting Equations 3.4 and 3.5 inte the 
equation fer SNR and cancelling the loss factor which 
appears in both the numerator and denominator it can re seen 
ial 3 
Be 
Sik. = ae (€gn 3.6) 
(= : 1) KT 9B 

Pexameie 3.1: Assume a Simple transmission system 
consists cf a 10km cable which has a loss factor of 1 dE fer 
Kn. If a Imicrowatt informaticn signal with a 100KHz bkand- 
width is placed cn the transmission line, the system SNR can 


sje! 


Wi 





Bee determaneda by applying Equation 3.6 resulting in 


SNR a = 2.778x10° 
(10 = 1)(1.379x10~ 3) (290) (10°) 


Since SNK's are usually spécified in decibels, fcr this 
example SNR = 84.4 dE. 

KRith the excepticn ef short distance networks such as 
inter-cffice or intra-buildinoa systems, transmission line 
systems ccnsisting sclely of a two wire line exhibit severe 
Signal attenuation. If severe attenuation occurs, satisfac- 
tory system operaticn requires the use of extremely high 
transmitter power ancyor extremely sensitive receivers. An 
alternate approach tc the problem of high attenuation is to 


insert an amplifier some distance along the line as illus- 


Pin Otat 
Transmission line Transmission line 


Figure 3.3 Cakle Model with Single Amplifier. 


Seeaeecd if Figure 3.3 . To evaluate system psrrftormanrce, the 
overail SNK must be determined. If noise effects are not 
considered, then tke placement of the amplifier is cf no 


consecuence. Assume the transmission line in Figure 3.3 has 
an attenuation factora, distances D, and D, equal the toval 
transemissicn line system distance D, and the amplifier nas 
gain A. Tetting L, end L, represent the loss of the lines 
cf length cy and D, respectively, Equation 3.3 indicates 
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that 


Osi) 


and 
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From tke definition cf gainyloss it can be shown that 


utl 





where Py and ies 


respectively, of the first line segment and 


are the input and output power levels, 





where F:,5 and Pog 2 are the input and output power ievels, 
respectively, of the second segment of line. Referring to 
Figure 3.3 it can be seen that the outout of the first 
transmissicn line is tke ape to the amplifier. 
Be=-9necing the amplifier's input and output powers F, and 8 
respectively, it snould be realized that 


ft Tiel i 
and 
P, = Pp. A = Pou A ; 





Since tke input to the second line is aiso the output cf the 
ime cor. ene Output of =he seccnd portion of the transmis- 
sion line is 


so that the system ottput pewer is 


Substituting for L, and L, 


s 0.120, 4 -OlaD 
Pot = RB, A 10 TAG eee 


=) 2. 
Pout en A 10 ° 
Meweesance D, + D, = © (the total transmission line distance) 


mec an fFée Seen that 


E =P anos =o - 

Orupe en 
Shere 10 °°? represents the tctal less of the transmission 
jine. This then preves that the placement of the amplifier 


is net a factor in determining the signal power output of 


9) 


transmissicn line system sc long as internally generated 
ncise is ignored. Indeed, when determining the signal fewer 


Sieous Of a System fcr applicaticn toward calculation cf ths 


26 





system's SNR, irterraelly generated ncise is not used in ths 
analysis. ‘The problem then is to determine the outru 
cf the system noise ir order te derive the output SNu. 
Assure the noise figure of th? amplifier in Fig 
eeGavwen a= F.. Using the principles developed Ssglinge 
of Chapter z, the noise figure F of the one amplifie 
missicn line system is determined to b2 
i 
if 2 eee _ 
Co SS ae Se ee 6 
L, L, LA 


er 


FL,A - L, + l 
ee (eqn 3.7) 
L,L,4 


Applying Equation 3.7 to Equation 2.74 it can be determined 
that the SNR for the cne amplifier system is given by 


P,, LyLoA 
SNRO=—————— -..__ (gn 3-8) 


A slightly different approach to the preceding analysis 
is tec determine the tctal syst¢m output noise power Ly eval- 
YVating tke noise contribution of each stage of the systen. 
From tke discussions cn system noise it is apparent that the 
noise cutptt of the first transmission line s¢gmen 


= 


given by 


1 
Pp, =(— - 1) KT el ye 


ise is amplified by the amplifier which alsc gé¢ner- 


Cc 
ates additicnal interral noise. Thus the total noisé pewer 


s) 7 





ome eumput Of the amplifier (designated P,,) is 


= _ T = 
Eis G7) Oacieere (fF — 1) kT BA . 


Similarly this noise fower is multiplied by the fina 


\~ 
in 

mw oct 
$)) 

Ve) 

D 


loss L, and added tc the thermal noise cf the last si 


Therefore the total system noise power is 
1 
- 1)KT,BL,AL, + (F,- 1)kT,BAL, + oa 1)kT BL 


which simplifies to 


Meeehe input Signal power is P, then the output power due to 
feemecegidl Cnly is P. L,L,A. Therefore, the system SNR is 
Poo ees A 
SNR = ne pela mee dn 3.9) 
(F, L,»A - L,L,A - L, + 1)kT,B 





Seer y EGuUations 3.&€ and 3.9 are identical. As a result, 
the SNR cf subsequent systems analysis can tke developed by 
concentrating on the cverall system noise figure. 

Example 3.2: Assume a transmissicn line system is to be 
Gesiaqned such that cniy one amplifier is tec be inserted in 
the line. Coaxial catle with an attenuation factor cf 0.2dB 
per kilcmeteéer is to re emplcyed to connect a transmitter and 
receiver which are 1CCkm apart. If the transmitter exrcvides 
€a 1MHZ signal at -103dBW, the minimum acceptable SNR is 30dB 
for signal detection, and the amplifier has 70dB gain anda 
noise figure of 4dB, the placement of the amplifier can be 


SiS 





determined. Boeteewesaas Gan be used to guickly solve this 


probler. Powe t | must De recognized that the pzrcduct of 
(L,) and (lL, ) ais the total transmission line loss and is 
BOaB. mie sTcrack" is to isolate L, Pim Watton s. 9 then 


solve fer the lenght of line which yields ‘that particular 
loss. Letting L,L, =L or tctal loss, it can be s¢en.from 


magaticn 3.9 that: 


PLA 
A- L, = —o—t+ia-l 


2 SNe eis: 


so that 


PLA i 
= |—————— + LA - 1]]|-————-_|_.. 
(SNR)KT,B FA - 1 


Recalling that the variables in Equation 3.9 aré ratio 
values and not dE figures, then substituting the values fr 


the example into this equation yields: 


03 


-10 -2 Ti 
py = [Ud 19 40s (10%) - yf} — 4 
(103(1.379x10" )(290)10 ) GLO! ore al 
Cr 


L, = 5 Be O7 


imeectcre, an dB notation, 1,=-12.7dB. Now since (L = ax 


2) ap 
where x is the lencth of the transmissicn line from the 


amplifiexr to the receiver and a is <-0.2dB/Kmn, then the 
lenght cr tke lire is 63.5Km. Therefore, it can be realized 


9 





Maat ere aMelifatr Must be inserted no closer than 3€.5ki to 
the transmitter. 

Fer icna distance communications via transmission lines, 
ene amplifier inserted inte the line will not overcome ths 
losses irherent in the line itself. MOrsOuve this protrlen, 
multiple amplifiers are inserted so that the myercal leng 
distance transmissicn system resembles Figure 3.4. leg 





cable section Amplifiers 
of length D/M (Ge 5 a) 


M sections 
over 
- D distance 


Figure 3.4 Cable Model with Multiple Amplifiers. 


crder to evaluate the cverall system output SNR, the noise 
figure mtst be calculated. This is most conveniently dena 
Ey ccensidering the line as a cascade of individual séctions, 
each censisting of an attenuating section of line feeding an 
amplifier having a specified noise figure. 

Consider the cakle model cf Figure 3.4 containing M 
identical amplifiers placed equidistant from each cther 
aleng a line of length D. The cabie can be viewed as having 
M identical sections each of length D/M, and @ach composed 
of an attenuating line of less L and an amplifier of gain A 
and ncise figure F,. From Equation 2.67 the overall systen 
noise figure is 








l 1 1 , iv 1 
pA ere E* -8 zZ R= 1 
EF — a ol + = Se 2 2 + 3 2 qe eeeccet M=- i Meal + 4 ~Me=l 
be We en Ly A Ls A te aN nN ee 


Lst stage end stage 3rd stage Mth stage 


100 


Ty 





This can ke written as 














as et rh = = on al 2 as iL 2 = i BR 1 
> Soe fore leal. y u ee ok oo: . an iy Ls 
' L,A L,A Lx LA Ly ae Bi Mae 
ee ae oe ~~ ——— 
1 2 3 M 
er 
a I ee 
Ea | — - 1 a LL 
2 ae: il fs Ly a 4 Ly 
<a M- M-1 
i iA Tice ns iA 
i ? 3 M 
co that 
F M(B /L,) - 1 
ee * 2. ae 1) elt (egn 3. 10) 
Ing =, Gua 1 
as [| (Ff, JL, ) Slit 1 Then 


Eut F, /il, can be viewed 
Boue~ion 3.10 can be written as follows: 


2) eee 
Pe 
k=] (L,A) 


er 
FE M 1 k-1 
eo -(+ = , >(—) ; (eqn 3.11) 
Ly k= PLA 
Since 


closed form sum for a géometric series 


from tre well-knecwn 
can be sxpressed in closed 


given cn page 87, Equation 3.11 
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menpmecc that the Oovetall system roise figure for é@ typical 


long distance transmission line system becomes 


ik 
= l -(=5) ; 
|| Se trac || — 0 (len Pore. A - a Pegi, 3612) 
Ly = : 
l- = 
iA 
a 
Pa 
1 = om - 1) 1 (je L,A = ll. {egn 3. 13) 
l 


Zi tke cain cf tke amplifier used in eech subsecticn of 
the transmission line exactly compensates for the line loss 
cf the suksection tren L, A = 1 and Equation 3.13 must be 
used to determine syste noise figure. Otherwise Equation 
3.12 must be used. Then, depending on the lings loss and 
amplifier gain relaticnship, either Equaticn 3.12 or 3.13 is 
used tcgether with the result of Equation 2.74 in crder te 
determine the total system's cutput SNR. 

Exarrple 3. 3: A transmissicn line with an attenuation 
index cf 0.5 dB/Km is used to provide a communicaticns link 
for atransmitter ard receiver 100Km apart. Tdentical 
amplifiers whose individual noise figure is 3dB, are 
inserted in equidistant form along the line such that each 
amplifier gain equals +he line attenuation over each segment 
cf the line. Assume a 100KH2 jinformaticn siqnal is placed 
on the line at an input power level of imicrowatt and assume 
that the minimum acceptable SNR at the receiver is V4dB. 
The maximum allowable system noise figure, minimum number of 
amplifiers, and amplifier spacing can be determined from 
Equaticns 2.74 and 3.13 as follows: 


Fin 
(SNR) KT >B 


a: 
er Oe 


(1074 \(1.379x1073\( 290) (10°) 
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F = 100 


so that the system ncise figure is 20dB. Then from Equation 
S13 


oe alco Mi Gey) - 1) 


Me fLECm Equation 3.3 


D 
05a = 
so that M must be cetermined by trial and error. The 


follewing table was developed to determine the minigun 
number of amplifiers used te achieve a noise figure of 100. 
fable III clearly indicates that the mininmuno number of 
amplifiers which yields a system noise figure at cr below 
the 2CdB allowable limit is 5. 


TAELE IIl 
M Determination via Trial and Error 


M it Noise Figure 
2 O00 35 0) eis 
3 Ore Z 24.0 dB 
4 ORO 21.0 dB 
5 ORO Wo] 5 db 
6 eS els ish fels 
8 0.24 17.8 dB 


ow! fe Gg 


— 


| 
| 
| 
| 
Es 
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Transmission lines can be analyzed with the aid 
eGewit thecry - that is, iecemls or voltages, c 
and impecances. Due to the distributed nature of impedances 
ina transmzissicn line, a signal voltage appliced 
imput end cf a trarsmissicn line at a ocertain i a 
time (for example, ty closing a switch) will net atp 
instantanecusly at the output end of the line. Bee 
travel alcng the line at some finite velocity which is t 
ef the electromagnetic field associated with the vcltage and 
current cf the line. Because time is required for 4@ signal 
wavefcrm to travel tke length of & transmission line, the 
cutput vcltage will net be in phase with the input voltage, 
and tke cutput current will net be in phase with the input 
current. Thus, Signals experience a time delay and fhase 
shift as they fropagate alcng the length of the Mlinse. 
Furthermcre, as indicated earlier in this section, the 
magnitudes cf the vecltage and current at the output termi- 
mals cf a line will ret be the same as the magnitudes of the 
voltace and current at the input terminals dus to ‘the line's 
attenuation. 

The wagnitudes of the attenuation and phase shift that 
cccur are determinec by tke propagation constant or the 
transmissicr line. The propagation constant, represented by 
ie, is a compiex number with the real part being the 

attenuaticn constant (denoted wy) and the imaginary part 
beine tke phase constant (dencted 8 ). 

Earlier portions cf this chapter were concerned with a 
generalized approach to systém analysis of transmissicn 
lines in which tke gress behavior of the line was character- 
ized by the loss parameter a. Consequently, the atienua- 
tion constant of a line was treated as a given parareter 
Since it can be obtained from manufacturing specifications. 
Furthermcre, for the qéeneralized analysis approach tc system 
perfcrmance, the details of line attenuation and phaseytime 
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delay are inconsequential. Pies SSstaining portions of this 
chapter will cencentrate cn developing an cverali iu 
standing of line attenvation and phase/time delay ertects. 


E. LCW FRECUENCY MNOLCEL 


While the general study of communication system trans- 
mission lines is primarily ccencerned with high frequency 
signals, itis beneficial to first develop an understanding 
cf transmission line characteristics that are applicable at 
lower frequencies and then apply that knowledge to a rodel 
that is applicable at higher frequencies. It has been shcwn 
(Ref. 29] that a transmissicn line can be analyzed in terms 
Creme Circuit theory by obtaining an egquivalent circuit of 
the line. This is pessitle because a transmission line is a 
distributed parameter device and can therefore be deéescrited 
eS a cascace of incremental networks of lumped résistivs, 
capacitive, and inductive elements. Consider a transmission 
line ccmposed of twe long parallel wires suspended in air 
such tkat asmall subsection of length x can be examined 
memgurce 3.5). One restricticn placed on the equivalent 
circuit is that the length x cf each subsection must be 
smaller than the wavelength of the appiied signal frequency. 
Then each subsection can be considered a lumped circuit and 
the varicus elements within the subsection defined. 

The eguivalent circuit of @ transmission line is 
compesed of a series resistance (R), a series inductance 
(L), a shurt conductance (G), and a shunt capacitance ({C). 
It shculd Fe noted that the shunt conductance is the leakade 
conductarce (inverse of resistance) of the dielectric 
Material (ircluding air) placed between the cenducting wires 
and net directly related te the resistance R of the 
conducting wire. Line parameters are normally given as 
per-unit-lenath values, that is, R in ohms per unit length, 


iS 





Figure 3.5 Farallel Wire Transmission Line. 


[een kencries per unit length, Geneicmags pes Unit Jength, 
and G in mhes per unit length. To derive the vaiue cf the 
€guivalert circuit ccmrponents, it is necessary to multifly 
these line parameters by Ax, the length of the subsecticn. 
The ecuivalent circtit can therefore be modeled as Figure 
BeO « 


i(x+ax,t) 
e @ 


he 


Gn CAxX v(x+Ax,t) 


Figure 2.6 Equivalent Circuit. 


While all transmission line theory couid be treated in 
Semms cf ac cireuit amalysis, the analyses would ke 
extremely involved fcr all but the simple cases [Ref. 30]. 
It is mere convenient to treat transmission lines in terms_ 
cf differential equaticns (see Appendix A for a general 
description cf differential equations). The differential 


equaticns are obtained from a simple ac circuit analysis of 
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the eéquivalent circuit of line subsection and then y 
+ 


lettirg the incremental section of line (Ax) approach zérzo. 


Consider the equivalent circuit of Figure 3.6 where the 
n 


i 
Slmrent and voltage are functions of both position and ‘time. 
Tt is evident that vcltage and current are in general func- 
ticns of time. Line current and voltage are functions cf 
POsaticn due to the finite velocity of prepagaticn cf tha 
signal waveform. Fer a line segment of lenath Ax which 
Begems at the arbitrary point x, input and output voltéaes 
are denoted v(x,t) ané v(xtAx,t) respectively. Salsuehshceedh sy 
MumeGurrent iS i(x,t) and output current is i(x+tAx,t) . 
Since the voltage drop across the resistor is RAxi (x,t) 
and across the inductcr it is LAx $i (x,t), then Kirchhcff's 


voltage law can be applied to the equivalent circuit to 


yield 
meer) — R xi(x,t) - L xh i(x,t) Peck, ) = O 
cL 
Meera ,t) — v(x,t) = -R xi(x,t) - L xgri(x,t) , (egn 3. 74) 


Likewise, kKirchhoff's current law can be applied tc the 
meme U2 t . Noting tkat current flow into the equivalent 
Sarcuit capacitor is cAx -& v(x+Ax, t) and that the current 
flow +hrcucgh the shunt resister is GAxv(xtAx,<), then 


(x,t) - G xv(x+Ax,t) - C xlov (x+Ax,t) Seacoast) = 0 
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er 
i(x+Ax,t) - i(x,t) = -G x v(xtAx,t) -C x Srv (xtAx, t) ’ (eqn ue 13) 
Mmemreding Equations 3.14 ané 3.15 by Ax results in 


Teer AX, tt) = v(x,t) 7 
= -Ri(x,t) - Lsri(x,t) 


INES 
and 
an Se Gvwici<, tt) — csv (xt, t) 
respectively. Then inthe limit as Ax —o 22IC, 


these eqvations become: 


ec) ye gana, ) (Sqm. 16) 
— > —-Ri(x,t) - ns a 

and 
Grint ) -_ Ov(x,t) eqn 3.17 
2 PEN ee) Ca : (eq ) 


It can be seen that Equations 3.16 and 3.17 are of analcgceus 
‘cohen As fointed ott in { Bef. 31}, these equations are the 
dual cf cne another with the following analogous quantities: 
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as alec evidenced frem equations 3.14 and 3.15. Lg 
3.16 and 3.17 have beccme knewn as telegraphist's equaticns 
and are the basis fer all parametric analysis of tr 
sion lines [{Ref. 32}. The task then is to solve these two 
equaticns. 

Fer initial analysis consider a lossless line such that 
kE=Ge=cC. Then 


Q _ oF 

Fx Viet) = ih ae sL( ep) 
and 

2, 2 r) 

a tert) = -C yp viet) 


which, as will be dencnstrated, are solved jointly. However 
lines are not icssless; in fact, since lines are seldcn 
coiled tre associated line inductance (L) and conductéence 
(G) are typically small. It is therefors reasonatle to 
appreximate L and G by zero {Ref. 33] so that the 
telegraphist's equaticns beccma 


So v(x, t) = -Ri(x,t) (eqn 3. 18) 
and 

Ge t) = ee Vale te) (eqn 3.19) 

ax 8 = Zee ot ; 


These equations can te solved assuming ac steady state 
conditicns cn the lines. This is obtained by assuming that 


v(x,t) ccnsists of a sinusoidal time dependent form given by 


1s 


i 





mix ,t) = Vixyel@t Feeause OGietne duality cf Equaticns 3.18 


mide o.ig, it Can be guaranteed that i(x,t) will ke cf the 


j wt 
form I(x)e nao ioecmicgmii)) are in genszal conplex 
mumcemens Cf xX and referred te as phasors in ac citervit 
theory. By differentiating v(x,t) and 1(x,t) with respect 


fo xX yields: 


Co _— AV(xX) _jwt 
ax VbxXrt) =. (os 
and 
J 2 elie) oe 
gy t(Xet) = Geo“ e 
respectively. Using these e€quations for a steady stats 


analysis cf Equations 3.16 and 3.17 gives: 


jwmet 





-Rt(x)e@%* -Lt(x) 3 e 


(D 
lI 


and 
—- oJ OV ES SEC el Seo eu ae 
| ; jwt | 
It can ke easily seen that e¢ Becreroewour Of btcth equa- 
tions sc that: 
— -RI(x) -LI(x) jw (ean, 3.5.20) 
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which can ke solved 


written as 


Simultaneously. 


aes) 


‘eb: 


-~GV(x) -CV(x) jw 


= [-G -Cjw]V(x) 


so that the second derivative cf I(x) is 


a- V(x) 


ax 


ave) 


[-G -C jw] dx 


which car ecuivalently be put in the forn: 


Gey (xX) 


Oe 


2 
1 Ges) 
-G -Cjw dx¢ 


Boe cltucing this intc Equaticn 3.20 yields: 


cr 


2 
1 amie) | 
a = -RI(x) -LI(x) jw 
SCS 


(G + GjI@)(R + Ljw) T(x). 


(eqn 


Meats Onis 2 | 


(eqr 


cen be 


Ba 22) 


¢! 





Letting 


ae eae Cm + 4) (egn 3.23) 


Fquaticn 3.22 becomes: 


‘se 
aes) ame) (eqn 3.24) 
dx? 
This is a simple linear differential equation of the seccnd 
crder for which a sclution is well known [Ref. 34}. 
It can ke shewn tkat 


me. ce + te" Keays. 25) 


Meee cond T, are constants of integration determined by 
the bcundary conditicrs at the input and output ends cf the 
transmissicn line. Again, because of the duality cf the 
telegrarphist's equaticns it can be demonstrated that 


2 
sh) ae ve V(x) 
ob,< 


so that 


Vey = Vv, ey *+ Vv, e” (eqn 3.26) 


aid the constants of integraticn V, and V, are again related 
te lire Tcundary conditions [Ref. 35]. Emon nquat. Ons 3.20 
and 3.26 it can be shown that thé current at any peint x 


along the line in terms of the constants V, and Vv, is: 





Letting 


Z = R+ejwlh and Y = GtjwC 


this eqtaticn becomes 





I(x) = === (ye"’* - wel) . (eqn 3.27) 


[a/e 


Seg@etaoutang £Or I(x) from Equation 3.25 yields 


1 _ 
a= ae r,e”" = (Ve ES V a ¥*) 


may 











€<o that 
Vp 
ii = = 
MO) ay Se 
and 
VB 
a = — e 
Uy 6 


Therefcre, the voltage and current at any point alonc the 
line can Eke written in terms cf the constants V, and Vp as: 


v(x,t) = (Y er YX + HS ead Oe (eqn 3.28) 
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(a) 





and 


x Xt oI¥t . (eqn 3.29) 


mix, c) = ies .- y eee 
[2/2 | Be 


7 and Ue are determined by the boundary conditicrse cf ths 
input and cttput ends of the transmission line and thererere 


require frrther investigaticn. 


1. Characteristic Impecance 


Assume a transmissicn line of length Qthat hes as 
its irput a voltage source V, with internal impedance Z, . 


Also assume the line has a lcad impedanc2? Z, connected to 


its crvtrptt terminal (see Figure 3.7 ). The voltage and 
current phasors at the input end of the line (x=0) are 
desicnated V_ eye aL. wnile the line output voltage and 





Figure 3.7 Electrical Elements of the Transmissicn Line. 


current phasor are uy and I) respectively. Using 


Kirchhetf's Voltage law it can be shown that at x=0 


ee ae =A = 0 (eqn 3.30) 


114 





and at x= 


wen can ke written as 


m= A 2) ne (eigiias. 2!) 
; Vp Vg 
e-YL - —=— el 
7a NG 
For simplicity let ca TiS ae Peeler more » FOr maxinun 
Fower transfer from the source to the line (i.e. impedance 
Matching conditions) let 2,=2Z,. Then from Equations 2.26 , 
fez), ard 3.30 
we V. 
VY. - Z.|o--e~ - Se] - !v e® + Vv eY} = 0 
S S17 7, A B 
0 0 
which yields 
Vs 
VY =— ., (eqn 3.32) 
A 2 


Seeeetcutien this value for ¥V, into Equation 3.31 , it can 
bre seen thats: 
“Ve + Vz at 





So that 


Codie 3.0} 


Now frem Figure 3.7 it can be said that the input impedance 
(2. ) a+ x=C is given by 


M@emecotb=tittting Equations 3.26 and 3.27 with x set to zéro 


yields 
‘ : Va + Ve 
ii > aero 
Ya MB 
Zo Lo 
where Z, ey 7 Lv PuUrc her, substitutcsmg Equaticnse 3.32 


and 3.33 fcr V¥, and ¥, gives 


Vs Ms cave (207 =) 
to \Z, + Z, 
fin = Soy y 7 
rier iC? s) 
DG Zz, San 


which carn be Simplified to 


Meee’ (2, = Z.)/(Z) # Zo) | 
ee ; (Sgn a.24) 
mee (2, — Z,)/(2, + Zo) 
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For a very long line (i.e. f—>~) ev7*__= 0 sc that 


or 8, 
—_—_——= Son 3. 3 
ian o 1-0 oa. Sale >) 
Mreretcre the input impedance cf the line is Z which from a 
previcus definition, can be seen to be given by 
i cx ep ue 


7 = ee (eq as. 260) 
Gt+tgjc 


This is the so-calleé characteristic impedance of the line, 
Since it derends on tke characteristic parameters R, lL, G, 
ama C. It can te seen that for the general case the impe- 
dance is ccmrplex and is a functicn of the applied frequency 

we There are two cases, however, when the characteristic 
impecance is not a function cf frequency. 

First consider a lossless line where R and G equal 
zero. Tken Zo =VL/C which is a pure resistance, independent 
cf frequency (sc long as L and C are themseives frequency 
independent). A seccnd case cccurs when L/R = C/G, thet is 
when the time constants of the equivalent circuit are equal. 
eo chat 





when IyR = C/G [{ Ref. 36]. 
hKith the knowledge that the impedance of a2 iine is 
determined ty its characteristic parameters ee SeeiGe Gas 
Cance with Fquation 3.36 , the analyst can now focus on the 
question, “If the impedance of the line is determined by its 
Fhysical characteristics, then how does the characteristic 
2? 


impedance affect the signal as it propagates down the line? 
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2. Ercragation Ccrstant 


The compariscn cf a system's output signai tc its 
input signal isa measure of that system's effect on thes 
Signal and, as discussed in Chapter 1, is genetal 
described by the system's transfer function [H(w) }. ji eae 
principle can be used to derive the relationship bétween the 
@m@emeagceterictics cf tke line and its effect on the frora- 
gatirg signal. 

Consider the line in Figure 3.7 whose characteristic 
impedance Z and load impedance 2Z are matched. Ane Higa Diy. 
meee ion 3.33 for Z. = Za ; We = 0 so that from Equation 
Be .2 0 v (x,t) =3V, eX gjot, Therefore, the ratio of the signal 
voltace at the ottput side cf the line to the signal voltage 


at the input side of the lire is given by: 


V , 
v(2,t) = Z -YQ 


v(0,t) VS e-0 a jt 


which car rE¢ written as: 


VG)? = V(x=0)e""F : Gegr. 3527) 


In cther words, the sional voltage at the output enc 
cf the line is equal to the Signal voltage at the input side 
cf the line times 6” which, by definition [page 17], is the 
transfer function of the line and designated H(w). Farlier 
in the aralysis the definition y= (R+jwL) (G+jwC) was made 
Be that; 


ee Career e ame) (eqn 3.28) 


ys 





which is a complex quantity and can be written in the fern 
v= vo 5 


Mere ¥ is “~he real part of Y and & is the imaginary part of 


femeecc@rining these definitions, it can be séen that 


aM =) = oY + Bi L 


so tkat 


H(w) = eV o- i BL , (eqn 3.39) 


AS a zesult, it is ¢asily seen that by its transfer func- 
tion, the transmissicn line introduces both signal 4a+érnua- 
elon eM and delay (which is related te the term svBl | 
Furtkeracre, as the length of the line increases se de the 
attenuatuicn and delay. The term Y is called the line's 
prorpagaticn constant and is a per unit length value déter- 
mined frem the characteristic parameters of the line. 
Initial sections of this chapter introduced thea 
transmission line attenuaticn factor (aq) as a gross gquan- 
tity per unit length cf dine so that the perspective cf the 
ceneral trarsmission line analysis cculd be focused on the 
system and net on ccmponent level details. From the simpli- 
jmiememen Ch BgQuation 3.23 , the attenuation factcr of a 
transmissicn line can ke deduced. aa ‘= (R+ jw L) (G+jwL) 
then y° is a complex guantity equal to 


ERE = WAH laine & ee 





which is of the form a+ jk. As demonstrated in ths fore- 


Bema secticn Y= y+ jf , tken: 


yo = po ~ Bo + 5(2¥8) 


where jee B° 


Reame CL y° . Therefcre letting 


is the real part of y‘and 2¥B is the inaginary 


and 


2¥8 


ry 
i 


The second equation cén ke written as B=b/ (2) so that B can 
can ke substituted into the first eguation to yield: 


Usine the general solution for a quadratic equation gives: 


eo that 
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Now substituting (RG Sane PmecmweonauiLeG € RE) Lor Fr it can 


ke seen that : 





V/2 
2 2 zZ 2 2 
- ee RG - LG sOmeeG + RE 
y= — | (eqn) 3< 40) 
2 
which determines the attenuation constant of a unit length 
line. It should be noted that while the soiuticn for a 


Quadratic equaticn irclude bcth plus and minuS square root 


meee the positive value only is used to determine ¥. 


Clearly, the absolute value cf the Square root térm will 
always exceed |G - w “LC | so that if the negative sguare 
root were considerec yw would be purely imaginary. Since 


attentation is purely real, the negative square root term is 
meanincless. Then, Substituting the value cf yw from 
Fquation 3.40 into the equation equation 8B =b/(2y) and 


replacing b with LG + RC it can be séen that 


w(LG + RC) 
[ 2R¢ eee 25) (RG @ w LC) See) + RC)” | 





eee (= Gas . Say 


This term 8B then describes the delay constant of the unit 
length line. It sheuld be noted that the attenuation 
constart and the delay constant are dependent on roth the 
line operating frequency and the line characteristic 
parameters. 

Farlier in this chapter a transmission line was 
grossly characterized as "lossy" where its total line atten- 
uation was found by rultiplying the length of the line by 
the line's attenuaticn factor @ which could either te meas- 


ured cr stated in tke manufacturer's specifications. Th 


(D 


questicn then is, "What is the relationship between the 
line's propagation constant and the transmission fower 
loss?" 
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Referer 
impedances are 
sinuscidal inp 


time depeéendenc 


and 


respectively. 
Beamt X alcrg 
the ccmplex co 


womeren wroritte 


where * indica 
ke shewn that 


and that pewer 


ing back to Figure 3.7 where input an 


4 
Ou 
C) 
er 
cr 

‘cS 
ee 
ct 


Porc ched themveltage and cuwsrert due tca 
ut at any point x along the line are (With 


y suppressed) given by: 


<a 


“sg 
2 


< 
yee 
1 


oh @:<) ae a aa 
0 


It can be démenstrated that power at any 
Pomoc ovenmmene voltage eat x tines 
njugate of the current at x (Ref. 37]. aes 


Las 


P(x) = V(x)I%(x) 


tes ceorplex conjugation [Ref. 38]. It can now 
vend 
He 


power at the input end of the (x = 0) is: 


(D 


ee enous NC HdmOm—MGnomne (x =f) is: 


Vy 2 ae ms 
_ 7 eee es a -YI\{ .- YL 
se a! - (4) €= (: Ae } , 


Ii 





Peectevicticly discussed in this thesis, power ioss is simply 
BG@ermereracch OF Tataic Of output pewer to input power; therze- 
fere @ transmission line's power loss can be written as: 





- = * 
fe YE ye YL ) 
Recalling that Y = W+ jB, then 


Pout —  -(yriaih .-(¥- iB 





Pin 
so that 
Pout ma -20) 
Pin 
is the rewer loss over the lenath Q or a line. But, power 
loss (cr attenuation) is normally given in dB's, therefere 





OP eke a7 WL 


“= ~ 
noe) 
as oO 
3 = 
ct 
SS 
fev 
w 
II 


20Uf log e 


where € is the base cf the natural logarithm and has the 
value 2.71828.... Therefore, the dB attenuation or loss (L) 


Pome trarcmissiton line of length ~ is given by 


(L), = 8.6858896 Jf , 





Tit can now te seen that the unit length (= 1) tx 
Mme attentecion factcr a, e@arlier presented as a gress 


a 
quantity, is determined by: 


a= 8.69yW (eqn 3.42) 


where yw is determined from Equation 3.40 . hGtes Sar DE Gor. 
ately termed the line's attenuaticn constant, a is a func- 
Beem Of the line's characteristic parameters and its 
operating frequency. It should be noted that the dei 

constant has no effect on power és the signal frepacgates 


along tke line. 


The previous sections of this chapter were developed 
on the kasis of the load impedance and the line character- 
istic impedance being of the same value. Under these cendi- 
tions tke entir veltage and current waveforms propagate 
down the transmission line wit nO cerlection From the licad 
1 the V, 
and =. terms inthe respective line vcltage and current 


B 
equations were zero. How2ver, when a mismatch between the 


wnen { —— o». It was also shcwn that with Z, = 2 


load and line impedances exists, the V, and I, terms de not 
eguate te zero and therefore detract by scme factor from the 
waveforms transmitted to the load. These detracting facters 
are knewn as reflection ccefificients and represent an 
apparent waveform traveling frem the output end cf the 
transgissicn line to its input end. 

imemeceeeage Letiect ior E€estricien’ is denoted p, and 
is defined as: 


(eqn 3.43) 
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EUbetituting the value for ¥, and V, 
Meaite -i0Or 3.32 and 3.23] the voltage r 


beccimes 


aera, (eqn 3. 44) 


Meer qudticn 3.43 it can be seen that ¥, will be related to 


V, in the fcllowing tanner: 


Beee@iehezalized equation for voltage at any point x alceng a 


transmission line of finite length fis: 


[mrememrrent refliecticn coetfici 


(p 


nt, denoted PA, 1s Sinilary 


derined as: 


and frem the current-vceltage relationship previously devel- 
eped it can be shown that P= -/p, . Pema fore, Given che 
voltaaqe reflecticn ccefficient pis the generalized current 


equation at any poirt x alcng a line of length can be 
stated by the equaticn: 
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The beqinning of this section on the lew fraquency 
model briefiy considered the parameters required £0 
construct the equivalent circuit of a transmission dine. 
These Equivalent circuit component values are a functicn cz 
material ccmposition and line cross-secticnal gecmetry. 
Rather than developing an analysis of the characteristic 


iD 
an } 
ct 
in 
ey) 
wn 


parameter of a line, this section simply pres umm 
cf the standard coaxial cable and open, two-wir medéls 
derived in (Ref. 39}. Fer toth models, resistance and 
conductance are related tc the material used for the 
conductirg wire and the insulaticn respectively. Referring 
to Figure 3.8 , the resistance (R) of a line is equal tec the 
resistivity (l/o) of the ccnducting material divided by its 


croes-eecticnal area. Thus 


LG 





Figure 3.8 Circular Wire. 


Mererring to Figure 3.9 o0r 3.10 conductance (G) is the 
aavetse cf the resistivity (i/o) cf the material separating 


the twe ccnducting wires. Therefore: 








Figure 3.9 Coaxial Cable Model. 


ae Coaxial Cable 


Figure 3.5 depicts the cross-sectional g¢somretry 
cf a coaxial cable. Capacitance (C) can be calculated using 


the egvaticn: 


where r andr. represent the inner radii of the two cenduc- 


l 2 : 

tors, andeé is the permittivity of the insulating material. 

an aside, the permittivity of a vacuum (d2noted ey) is 

8.85x10 farads/meter. The inductance (L) of a coaxial caple 
can kre calculated frem the equation: 


NO JR 


4 al + 2 in(r,/r,)] 


where wis the permeaklidity cf the insulating material. If 
the two conductors are separated by air the permeability of 
a vacuum (Mj,=47x10-’renriesymeter) can be used as a clcse 
apprcximaticn [{Ref. 40}. 
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O 


Figure 3.10 Open, Two-Wire Model. 


k. Open, Twcec-wWire Line 


The cross-secticnal geometry of the open, two- 


wire mcdel assumes that the conducting wires are cf é€qual 


size as illustrated in Figure 3.10. The radius of each 
conductirg wire is er and s is the distance separating 
the centers of the wires. Then the capacitance of the line 


feedaven by: 


7 € 


SS 


in(§ + Vso - =i 
IN 


where e€ is the permittivity cf the material between the two 


wires. Inductance is given by 


Se 


[ + Vst - =) 
Sam i 
2X 


where mb is the permeability of the insulating material 


ketween +he conductors. 
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©. SHEN EFFECT HODE!L 


The low frequency model for transmission lines assunes 
ert a line's characteristic parameters are unifcrmly 
distributed throughout the line. It has been demonstrate 
that Y is a function cf the line's parameters and operating 
frequency but that the effects of frequency are negligitl? 
When ccmpared with the line rasistance and dielectric 
conductance at the lewer frequency spectrun. Therefore, 
current was assumed te be uniformly distributed threugh the 
cross-secticnal and longitudinal areas of a line. It is 
known that when an alternating current flows in a cenductor, 
the associated magnetic fiux within the conductor induces an 
electremctive force (EMF). This EMF causes the current 
density tc decrease at the center of a wire and increase at 
the cuter surface. This migration cf current toward the 
Surface of a cenductor is known a the skin effect and 
increases in prominence as the frequency of the input signal 
increases. For transrission lines operating at low frequen- 
cies, skin effect is negligible and, Hem wall practical 
purpeses, can be ignered; however, for lines operated at 
higher frequencies, skin effect becomes a Significant factor 
(Ref. 411. 

fhe skin effect mrcecdel, which was develcped for transmis- 
Sion lines cperated at high frequencies, accounts for the 
skin effect pheromencn. AS current migrates teward the 
surface cf a conductcr, the etifecrive resistance of the 
conductor increases. For high frequency transmissicn lines, 
the lire series resistance (R) is frequency dependent. The 
telegraphist's equaticns are the basis for all transmission 
line analysis regardless of ofarating frequencies. Since 
the gereral concepts and eguaticns for transmission lines 
have keen already presented, the skin effect model can be 
easily aralyzed by the use of the already developed model 


and equaticns. 


Aas 





The ckjective of atransmission line analysis is to 
Gdeterf@ine the line's effect on an input signal. As d¢mcn- 
strated in the low freguency model, a line's transfer func- 
T2On Te dependent only on its propation constant (yy) and 
the length (2%) of tke line. From the analysis of the low 
frequercy mcdel, the propagation constant of a line cper- 

ting at high frequencies is [from Equation 3.38}: 


Y =V (R + iwh)(G + jwC) 


where R ncw is the skin. effect impedance Zep The skin 
effect impedance has been found to be (approximately) 


where K is the skir effect resistance and wis the lines 
cperating frequency. At high frequencies, a circular 


conducting wire has a Skin effect resistance given by: 


KS = Vo 


where <& is the radius of the wire, mb is the vermeability 
cf the wire, and i/o is the resistivity of the wire 
{rRe=. 421. Beecring ~ -Va@ end “SWbstitut2ng for KR, ths 


propagaticn constant for a high frequency line is: 


ver = CVn pl) (GC eee, 
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In a Similar mannéz the characteristic impedance o 

cperatinc at high frequencies can bs determined using ths 
mumectte in place of the R ~erm in Equation 3.36 Therterore, 
mer the EXin sitfect mredel, a transmission line's charact<¢r- 


istic impedance is given by: 





KVp + pL 
Ce ae joe: 


Fer all practical purposes, the conductance of line insula- 
tion ketween the twe conductors is negligible [Ref. 43] so 
that the equation fcr the propagation constant of a high 
frequency line is 


a (KVp + pL) (pC) (eqn 3.45) 


and the chatacteristic impedance equation is 


OVS ae Je 
pe 


Given an operating frequency andthe line parameters, 
Eguaticns 3.45 and 2.46 can Fe solv2d and applied <tc all 
cther eéquations presented in the low frequency model 
section. The remaining fertions of this chapter will 


concentrate on the high frequency line's transfer functicn, 


its effect on applied digital signels, and the expected 
cutput Signal-to-neise ratio under certain specified 
Scnpditicns. 
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1. Se euster sr unciicn 


In the lew frequency model it was demonstrated that 
mpen transfer functicn H (w) of a transmission line of 


length Q is qmpenuhby:: 


[mem, f£fCh Equation 3.4 , it can be seen that at high 


frequencies a line's transfer function is 
aikcoVp + p°LC) 
ico. =e Bey P ; (eqn 3.47) 


oe 
° -, + =e 
Now vy KCpVp + p’LC can be written as pYLc i i Sees 


/ K 
For high freéeguencies, : e is very small so thaty( 1+ L 5 
can be appreximated using the rule Vitx =1+(x/2) fer x<<t. 


SMe 


Thus, Egqtration 3.47 tkecomes 


K C 
H(w) = seve L wi vi f ; 


Siem atuting j for rf, oktain 


; Kee 
H(w) = seit f - Via 3 L l (eqn 3.48) 


This equation is analogous to Equation 3.39 so that «he 
first term represents delay and the second represent attenu- 
tion [Ref. 44}. From the transfer function H(w), it can 
ke concluded the transmissicn line response to a high 


frequency signal is attenuaticn and delay cf that signal. 
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2. Irarsmission Lata Rate 


Medézrn com@runicaticns eguipment has e¢volved fron 
analog circuitry to very fast digital processcrs. As analog 
Signals are replaced by pulse signals, the analysis of the 
rulse response of a4 transmission line is a topic cf 
incréasirg importance. In the previous section, the high 
frequency line response (or transfer function) H (w) was 


discussed and found tc be: 


a7 JwVLC a FMT Via L 


H(w) 
representing Signal attenuation and delay. The fcrmer 
directly impacts transmission data rate and therefore is 
analyzed more ciosely. 


The high frequency transmission line transfer func- 


tion H(w) can te viewed as ccnsisting of two terms namely: 


E(w) = Hy(w) 2 (w) 


where H,(w) represents the delay en =~ and H,(w) repre- 
. - i KVL Vio 2 . ; | 
sents the attenuation eé Plcesemplaty the nctation, 


fen < , =! Vex , and define a new term € where: 


Se Ne 
$= A) 


Also define another new term yn where: 


O ik 


A\V[L/C Var 


Ie 





eet het VE ="H VT . tWiememense. the trancfter functicn 


H(w) car new be written as: 


H(w) = e~ IW a 2VIo? | (eqn 3.49) 


In order to obtain the transmission line data rate, the line 
response must be stated as a function of time rather than 
frequency. Thus the inverse Fourier transform of H(W) 


must to cetermined. Since 


Equaticn 3.49 becomes 


ata) = H,(w)e O 


From ktasic properties cf Feurier transforms, if f(t) has 
Fourier transform F(w), i.e. £(t)—~<<>PF(w) then 


Pa ae (get 


Therefore: 


H(w) <—> h,(t-t,) , 


cr 


h(t) = h,(t-t,) 
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where h{t)---H{w). herough he wee of Fouriem tzansicrma- 


tion tables h ,(t) is determined to be: 


ae St 
no(t) = at e u(t) 
where JU (t) is the unit step function depicted in Figur? 
Sees then h,(t-t,) is: 
- 3/2 - S(t = ty) 
ieee) = (CES, 6} e io U ean, 


which represents the functicn bh, (t) Taye e os SECON s - 


Figure 3.11 Unit Step Function U(t). 


Example 3.4; If a ccaxiai cable 100 kilometers lc 


ta 
(Q 


has a lire inductance. L of 3.7x10 - 7 henries per meter and a 
line capacitance of 3.5x10-!1! farads per meter, ECG arwe 
@efiniticn = Le it can be determined that any high 
freguency signal applied to the line will experience a 
rropagaricn delay of =60nancseconds. In cther words, the 
Gimeut tesponse to a signal would lag the input by 


360nancsecconds. The term h(t) must now be analyzed. 


tas 





EUG cOyehe presence Of U(t), hp (t) Wii tbe. 2Zerc LOL 
we0. Peet hermore, in new liné: “as t approaches infinity, 
h(t) goes tc zero. The value cf h,(t), when O0<t<~ , must be 


EXeamined. Since t if restricted to only positive values, by 
inspecticn, it can be seer that h, (t) Will always ke rosi- 
tive and te of the skape illustrated in Figure 3.i2 . The 
reak cf the response curve is datermined Ly setting t 
function's first derivative to zéro. Then 


EWE ac E/t : 


n{t Z 79/2, - $/ty 


= O 


ho] Lo 


which can ke reduced te 


oe 
vn 
i 
No 
Hl 
= 


ho(t) 


Figure 3.12 High Frequency Transmission Line Response Curve. 


It car new be seen that the maximum value of h, (t) eccurs 


ae c= (2/3) € . The peak value can easily be derived by 
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Selwarne fex h, (§ €) ° These the peak value of the resronss 


mametion ise 


of (<6) 
A (36) = (2a) % 
37 2 

~ (5) °° EVE 


Fecalling ttat VE =nVa, then: 


h (= 6) ’ 
203 2 3/2 
(se) Var E 
Therefcre, the peak value of fh , (%) is approximately 
(0. 23) (1/e). 
Pompe 3.5% If the cable in the previous example 


has a skin effect resistance (K) of 1.17132x10 ~® chms fer 
mezer per second put the line is only 10kilometers in length, 
then &€ can be calculated from 


- (A) 


and is 0.8 nancseconds. The peak value cf the response 
functicn cccurs when t=(2/3)& or at 0.54 nanoseconds and is 
h(0.54 naneseconds) = 285x106. 

It can be demonstrated that as € bscomes smaller, 
the mere ciosely the response curve resembles an impulse. 
With the aid of fourier transforms it can be shown that the 
transfer function cf an impulse is unity for all frequen- 


cles. Therefore, it can be ccncluded that the smaller the é 
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cf a transmission line, the better suited the systen f 
Figh frequency signal transmission. SO,mmeeEOEr the ideal 
transmicsicn line, F{@)=1. However, 2S has heer deme 
strated, the response of a real transmission line 
ideal as indicated by the fact that 


Clearly LH, (@) 1 <1 fer all frequencies. H,(w) can te written 


Piepoda: form, that is: 





H,(@) = (a) oI EH (@) : 
Since 
H,(@) - au Ne oVi 
and 
a => + joo 
Vion V2- 
then 
HH, (w) a ae “3 CWE ' 


Site 


1, 





Ciearly 


and 


Figure 3.13 illustrates the@teguency response of the trans- 
missicn line as determiners {HH , (w) |. It can be seen 
that the line has the freqmey response characteristics of 
a low pass filter. The hafwver point cf {H,( ){ cccurs 


at the frequency w such thatwé= 0.06. iaeeenome st is 


[Hp (w)| 





Figure 3.13 Averaqge@wer Spectral Density. 


clearly demcnstrated that t#é vaiue of the line deter- 


Mines tke cut-off fréequency#@the line. 
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It is often useful to Specify frequency response of 
@ailine in the context of dE pewer loss at various f 

elec . It can be demonstrated that the output spectral 
Semeity ct a linear system is related to the input €p 
density to the system by [Ref. 45] 


Pyyel@) =, (0) fe (arf 


(mw) represents sutfut power spectral density and 


where Peat 

FE, ,(w) represents infut power spectral density. Since 
Pout (2) = |e tay 2 
P, -(@) © | : | 


The pewsr loss (in dB) fer any given fixed frequency is 


given ky 


V2w€) ¢ 


TUS = 10 log(e”~ 


(Loss) » = ~12.28 Vw ge. (eqn 3.50) 


It car therefore be concluded that any transmissicn line 
system whick does net "ccondition"” the line with equalizers 
is linited in its frequency response by the line's €& value. 
Fealizine that modern teleccmmunication systems are exclu- 
Sively digital systems, since digitai signals are typically 
high frecuency signals, it is apparent that the transmission 


line paremeters determine the maximum number of frulseés fer 
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second thét can be transmitted over a line. Therefor 


wD 


important tc determine the line response to a pulse 

teea, | Ree. PNG] has Snhcwn that a unit ster restr 
O(t) can ke expressed as the integral of a uni 
Banction §(t). 


The unit step response, ey CS) yp Oe tet) SS is given by: 


t 
r, (t) = h ,(t)dt , 
J. 


This fcllews frem tke previcus equation and linear system 
emecry., Surstitutince for h,(t) yields 


1G) y 


: e 
Ga ty, iter )s ‘cl ; 
r f Tsar (4) as 


Since 
O Lions TSAO 
U(t) = 
1 iavaet = © 
then 
: _ ot 
CC a f Gite OlGe)s 2 
Z 
: (2 2 





fe aengme besa variable cf integration such that x =Y 2 / 


M=—Can Fe demonstrated that the line's unit step resrons? 1s 
giver by 
eres 
r (t) = 2 f er CG << Geg mn 3'2S 1) 
2€ 
a 


mee intergal of Equation 3.51 is the so-called complemertary 


error furction (CERF) of a usrtmal distribution, where 


‘ho Be as S i oS ise) (egn 3.52) 


and F(x) is the so-called error function integral [Ref. 47}. 
From Eqtaticns 3.51 and 3.52 the unit step response of a 
tranemissicn line can be determined from 


es Jey = F(V 2€/t)] (come 32/52) 


a 


and Meeiilwuvstrated in Figure 3.34. 

Figure 3.14 represents the signal f > (*) at the 
cutput terminals of the transmission line in response to a 
Unit step input signal. The time required for the cutrfut 
level tc ge from 10% to 90% of the maximum outpnut signal 
value is called the rise time. Letting (t, ) denote the time 
at which the output reaches the 10% signal level ane (<,) 
denote tre time at which tke cutput reaches the 90% level, 
rise time is te ~t. Therefore combining Equation 3.53 and 
its graphic representation in Figure 3.14 , it can ke seen 
Enat 
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ee: ==) aaa @8 Grew @aet Gee @e2e ee 
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rise 
ie time | 
ee 
i te 


Figure 3.14 Unit Step Response. 


Memeo ws enen that through substitution of t, and t, into 


Bauaticn 3.53 thet t.= 0.74 and t= 128 : Therefecre 
rise time, denoted tes asscciated with a transmissicn lines 
Meme ?.zoé seconds. For exampie if a transmission line has 
avaluvue cf €= 8.111 x 107% seconds, then the rise time of 
the respcnse due to a unit step signal applied at the input 
cf the line would be 100nancseconds. 

Now that the transmission lin2 response to a unit 
ster sigral is known, the line response to a pulse can be 
easily determined since a pulse can be viewed as two unit 
step sigrals occurring at different times. Let the pulse 
Signal cf Figure 3.15 be represented as U(x) - U(x-d). 
Figure 3.16 represents the individual responses of U(x) and 
G(x-d) such that 


r(x) = Aiwa) UES) 
and 
E, (x-d) =. i F/2/(x-d) iii x-a).. 
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Figure 3.15 Pulse Signal. 
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Figure 3.16 Individual Line Responses. 


From U(x)-U(x-d), the resultant response is I, (x) 7-5, (x-d) as 
illustrated in Figure 3.17 . | 

It can ke seen from Figure 3.17 that 4s the fulse 
duration dis made smaller the response pulse amplitude 
decreases. Most systems fase cutoff signals at the j3dB 
Signal rewer level. Therefore, d should be long enough tec 
insure tkat the voitage (cr current) response pulse is at 
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oe x+d 
Figure 3.17 Line Response to a Pulse. 


least 70.7% of the input signal voltage (or current) Ilével. 
To maximize the number of pulses put ona line the pulse 
width d shculd be mirimized. Therefore d should be based on 
the time required fcr a response pulse to rise to at least 
the half power pcint cf the input signal power. Thus, Tr, (x) 
should ke set to reach the 0.707 voltage (or current 

The pulse width is fcund by setting Equation 3.53 to ¢. 707 
so that 


DEG y Ars 16) 2) ee 8) Or 


memes V¥26/t = x , then F(x) = 0.646. The value of F (x) 
can ke found from normal distribution tables so that x=0.37. 
Therefcre, it can be seen that 


Se thet + = 4.66¢ . Hon Sanplicary jaasne pulse duraticn is 
chocsen as multiples cf the lines value so that the cut off 
EM@iiscuwallGeeur 155 #after the turn cn pulse. Thiet ees 
rulse drration is 15€ seconds. Likewise a reasonakle 
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emereectecetay “> Tequired to ensure the line 1s et a 
steady staté pricr tc turn cn cf another pulse. By the same 
technigue used toe develop the width of a pulse, the interv 
retween the turn off pulse and the new turn on fulse is 
found tc ke approximately 15€ saconds.. The totai time 
ketween tte leading edge of the two consecutive pulses is 
approximately 20€ seccnds. Therefors, the data rate cf any 
Giver transnissicn line is 1/30€ and clearly depends on the 
characteristic parameters of the line as related by € . 

Fxample 3.6: If a transmission line has an ¢ vai 
cf 8.111x107 2 seconds, then the optimal pulse width cia 
pulse applied on the line is i2nanoseconds. The maximun 
data trarnsmissicn rate is approximately 41Mbps (Mega bits 
per second). 


~ 


3. Signal-te-Noise Ratio 


The previous secticn briefly discussed the fower 
less experienced by a signal cf a certain frequency as it 
propagates throucsh tke line. Peer Gucteesen 3.50 this power 
less is given by 
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From €arlier chapters of this tnesis it was demonstrated 
2 


rs 
(D 
| 


that for a lossy device the noise fig is 1fLoss. thus, 


the nceise figure is civen by 
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However, since noise figure is usually specified in dB, 


transmtissicr line's necise figure is 
ae 6 2 O 
(F) 5 2 OE 


Clearly, a transmissicn line's noise figure is dependent on 
Foth the dline's € value and its operating frequency. 
Furthermere, it has re demonstrated that &€ is a functicn cf 
both a line's characteristic parameters and its tieéength. 
Thus it can be determined frem the SNR ¢quation (Equation 


ze-74) that for a transmissicn line 


SNR = = Power — 
(16.9x10°%S ~ 1)kT B 


It can therefore be concluded that as frequency or the 
length of any given cabie increases, system perfcrmance is 


degraded ty virtue of the decreasing SNR. 
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IV. WAVEGUIDES 

Althcugh +th¢ basic physical theory of waveguides has 
keen known since the nineteenth century, waveguide thecry 
and technclcgy were not develcped until World War II wten 
the design cf microwave radar generated the need fcr frac- 
tical high frequency transmission systems [Ref. 48}. It was 
demonstrated in Chapter 3 that the attenuation constant of 2 
transmission line is froporticnal to the square rcot of the 
line fregquercy (Equaticn 3.50). Thus aS system operating 
frequencies increase ec too do the line losses. The devel- 
opment cf the waveguide provides a viable transmissicn 
channel which exhibits lower less at the higher frecuencies 
than cakle systems. As the demand for communicaticn chan- 
nels increased, the ccmmunicaticns industry viewed micrcwave 
transmissicn as a prefitable alternétive to incr¢éasing the 
land line network and adopted waveguide technology frcemr thea 
criginal radar applications. Today, waveguides have bkéeccme 
an integral part of the world-wide telecommunicaticn struc- 
ture. Trey have previded the means to develop vast micro- 
wave systems and tke e¢ver-expanding space communicaticns 
capabilites which significantly contribute to the lcwering 
cf consumer commercial and military long distance communica- 
Tremecccts. Additicnally, through microwave and satellite 
systems, entire naticns typified by a collection of isclated 
regicnse such as Indcnesia are able to install affordetle 
nation-wide communicaticn netwerks. 

Like artenna and transmissicn line systems, waveguides 
represent a means of transmitting elactronic signals fren 


cne pecint tc one or mcre other points. While waveguides are 


in many ways identical. Accompanying any volta 
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Swear. Gn © Line are electric and magnetic fields. The 
behavior of the transmissicn line can be analyzed in terms 
tween and 


Z 
cr the accompanying elsctromagnetic fields be 
around tke wires instead cf in terms of vo 
cauziTent. However, the voltage-current analysis 
cut here aS it 1s mere understandable than the field anal- 
ysis. A strict analysis of waveguides can only be carried 
cut in terms of the eélectrcmagnetic fields; but because of 
the vcitage-current and slectromagnetic field relaticnshifs, 
analogies tc the trarsmissicn line squations can fe used 
that beth simplify the analysis and increase the under- 
standing of the kehavior of waveguides. 

Chapter 2 presented @n analysis of antenna sy 
demonstrated that, while antennas transmit their energ 
prererred direction, the propagated signal is (qene 
Geemecenrined to a clesed path. As a result, the signal 
propagates @s an ever-expanding wave such that the signal 
field density decreases at a distance Squared rate. 
Waveguides, which are nothing more than hollow metal tubes, 
rrovide a closed path through which the ‘transmitted signal 
fropagateés as a non-expanding plane wave. Thus, if the 
waveguide were lossless, the field density of the plane wave 
at the cutput end cf the waveguide would equal the field 
density at the input side of the waveguide. However, wave- 
guides are rot lessless and the input signal energy tends to 
dissipate along the walls of the guide (or absorbed ty cther 
means) as the plane wave fropagates through the guide. 
Because analysis of a waveguide is based on electromagnetic 
wave propagation, a trief discussion of wave propagaticn is 
required. The cross-sectional shape of waveguides can be 
rectangular, Gieciular, Or other more complex designs. 
Since, hcewever, the rectangular waveguide is by far the one 
Bost ccmmcenly used, further discussions 111 be limited to 
this shape. [{Ref. 49]i 
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A. WAVES IN GUIDES 


Electrcragnetic (EM) fields ara characterized Ey 2 
Magnitude and direction in space so that they are vector 
quantities. Furtherrcre, an EM fiueld is 2 com 
electric field and a magnetic field such that each foint ir 
space has associated with it an electric field vector, E, 
and a macgetic field vector, H. When EM waves propagate in 
vacuunr tke E and H vectors are always at right angles tc 
each ctker at any instant in time, and they are at right 
angles te the directicn of propagaticn of the waves. A wave 
radiated frem a poirt source (an antenna) produces such a 
wave which radiates as an expanding sphere. In a waveguide, 
the sicgnal energy is confined to the space within the guide 
walls so that rather than prepagate as an expanding srher- 
ical wave, the signal propagates down the guide as a clane 
wave. The fields ir a waveguide have similar general rrep- 
erties as fields in free space, but, because of the confine- 
ment cof the fields ry the waveguide walls, there are scme 
differences [Ref. 50}. 

Ccenfinement of tke EM wave prevents spherical spreading. 
In free space, where waves spread spherically, the E and #H 
vectors are always parailel tc the directicn of wave prora- 
Gaeacn. Within waveguides two or more waves are reflected 
bkack and fcrth which produces a4 propagating wave having 
compentents of either E frield cr H field vectors, but never 
bowh. Maxwell's equations are the basis for determining 
resultant waves propagated in th2 waveguide and, tkeécause 
they are partial differental equations, «here can be mere 
than cne sclution; that is, more than one configuraticn of 


the propagating EM field is possible. These configurations, 


called medes, May €xist separately or several nay e¢xist 
Simultaneously. Ordinarily 1+ is desired to operate the 
waveguide with only ocne ct the pessibl¢e modes of 


Fropagaticn. [{Ref. 51]. 
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The modésS of prcragaticn that a waveguide can suppert 
are divided into two classes: (1) transverse élé 
(TE) mcdes and (2)transverse maqnetic (TM) modes. ees 
modes, the E field is everywhere perpendicular to the diréec- 
meen cf prcepagation. This means there is no E field ccmto 
nent parallel to the quide axis. In the TM mode the same is 
true for the H field component. Each mode of propagaticn is 


designated TE,, or IM,, where m @€nd n are integers and are 


called mcde indices. The mode indices are functions cf the 
relationship between waveguide dimensions an transmitted 
Signal wavelength. Each operating mode has associated with 


it a cutcff frequency. As the med? index (m,n) increases so 
tco dces the cutoff frequency. For example, eel crf 
mempency fcr TE, is higher than the cutoff frequency for 
TE 


Peeeccred mccde of tle rectangular waveguide and yields “he 


[Mee ©crt Various enginsering reasons, the TE,9 mode is the 


lowest crtcff frequency for that guide design. [Ref. 52}. 


1. Cutctt 


Figura 4.1 is a diagram of a section of 


a a 
waveguide. It is customary to dénote tne larger of the two 
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Figure 4.1 Rectangular Waveguide. 
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Gute =tcrns by a, and the smaller by b. The BM field ceniig- 
Meech GOrLesponding tO a particular mode that can fropa- 
gate in the waveguide must have a frequency which is grdater 
Mmmam the cuzofft frequency, £., for that partic 
The cutcff frequency for a rectangular guide can be 
expressed mathematically as a function of the gu 

sions a and b, the mode indices m and n, and the perme- 
ability mw and permittivity ¢€ cf the medium 2nclosed by the 
wavecvuide walls. In terms of these guantities, the cutcff 


frequency is given by 


‘tan = Bie VE) (8) (oan 4-1) 


where c is the velocity of light in vacuun. It can be 
shown frcem this equation that as the values of the amcde 
indices décrease Scr too does the CWecrt Mee requcrcy. 
Conversely as the size of the guidé décreases, the curcif 
frequency fcr any given mode increases. It must'bs noted 
that in either the TE or TM mode for any waveguide the 
indices m and n can never kbkoth be zero. Then, given a> b 
it beccmes readily arrarent that, as previously stated, the 
lowest cutcff frequency Fer the rectangular waveguide is 
associated «ith the TE, mode. Figure 4.2 shows the rela- 
tionshipv of various mode cutoff frequencies for twe values 
cf the retic a/b { Ref. 53]. 

Example 4.1: A typical air filled waveguide (€ = 1 
and @M= 1) has dimeénsions a = 8.6 centimeters and b= 4.3 
centimeters. The TE. mode cutofi frequency is 
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Figure 4.2 Relative Cutoff Frequencies. 


ahe TF, mode cutoff frequency is 3.488 GHz, which is twice 
the TE, moce cutoff. 


2, kaye Velocity and Guide Wavelength 


In free space or any nearly lossless propagation 
medium whese dimensicns are very large compared <tc the 
transmigsicn Signal wavelength, the wave velocity is deter- 
Mined onrly by the fpermearility and permittivity of the 
rropagaticn mediun. That is, f05 a vacuum pw and e are 
unity, sc that wave velocity fer any frequency in free space 
is c. Ir hcllow-pipe waveguides, however, the wave velccity 
does, in general, vary with the freguency, even with an air 
filled cr evacuated guide. Moreover, it becomes necessary 
tc distinguish between two ccncepts of velccity - +he phase 
velccity and the group velocity of waves. [Ref. 54]. 


The phase velccity Vy, is the velocity with which 


the phase cf the wave advances through the medium. The 
group velocity Ue is the veleccity with which energy (or 
eventually informaticn) is propagated by a wave. In free 
space and cn lossless transmission lines Veh and Vy, are 
equal (cr lew frequency lossy transmission lines Vy and = 


iS 





are nearly equal); therefcre the distinction bstween then 
was net rade. In waveguides, the two velocities are reiated 


to eack cther by the expression 


(Vph ) (Vor ) =e /@e) . (ecm) 


f 
the cutoff frequency f. and the operating frequency f such 
@hart : 


O 


The phase velocity in waveguides is expressed in terns 


Thus fren Equaticn 4.2 and 4.3 the following expressicn for 


V is oktained: 
gr = 


12 (=) 


SMiecoet tust always tke equal to of grsatezr than £, if a wave 
3s 20 prepagate, it is evident that Von is néver less than 


c/vpe and V, is never greater than c/Vue . Therefore it 
can ke seen that Von is always equal to or greater than ‘es ; 


it cen tken be shown that the wavelength A, cf a given 
Fropagating frequency, is greater than the wavelength Ke ohn 
the same frequency prepagating in free space. Therefcre thea 
guide wavelenath is determined by 


| ee (eqn 4.5) 


This value \, is used fer all dimensioning and measurement in 


wavegtides [{Ref. 55]. 





Fe GUIDE OFERATING CBARACTERTSTICS 


The trensmissicn line equations of chapter 4 are in 
terms cf currents, vcltages, and impedances. The guantitiées 
in waveguides analeoccus tc current and voltage in these 
equations are the H and E fields respectively. 


Since impedance in circuits is defined as the 
Voltage to current ratio, it follows that the analcgcus 
quantity in waveguides is the E/H ratio. Miveedet, cneas 
Tatic is called the tave impedance. Furthermore, just as 
transpissicn lines have a characteristic impedance, wave- 
guides have a characteristic wave inpedance. As can be 
demonstrated by a careful analysis of waveguides, the char- 


acteristic wave impecance fcr the TE, mode is given by: 


where 1 is the intrinsic or characteristic impedance of the 


Medium enclcsed by tke waveguide. Mon eian alra@eri lied or: 
evacuated guide 1 =,/M,/€, where uw, is the permeability 
(1.257x1C ~-6henries per meter) and €, ig the permittivity 
(8.854x10-1¢farads fer meter) of vacuun. Thus fer the air 


filled cr evacuated waveguide, its characteristic wave impe- 


dance is 


120 : (eqn 4.6) 


vp = 
oiaer d Te ey" 


It can te seen that at frequencies well above the cutcfét 
frequency the characteristic wave impedance approaches 1207, 
{Ref. 567. 


= 





Frem transmission line analogies it should téccne 
Vv 


evident that waveguices have associated with them @ precraga- 
tion cecnstarts The propagation constant of a waveguide is 
given ty the same gereral eéquation as the transmission lines 


meopacaticn constant, namely: 
yY = +38 


where wis related to attenuation and Bis related to fhase 
delay. As already discussed, two velocity factors Me and 
Vy ) are associated with waveguides. The phase velccity Vo 
is impertant in determining waveguide dimensions as previ- 





CWedy pcinted out. The group velocity (Vy, ) has an inter- 
esting interpretaticn as the velocity cf energy or 
inforraticn fiow in the wavequide system so that the 
velocity cf concern Iegarding propagation of data is Vor and 
is deternined frem 
il 2 
Var = 1-(£./£) (eqn 4.7) 


For an air filled or evacuated guide Vy = CV1-(£./£)° : In 


Semyureticn with eoeic the phase constant B is related te Voy 
Ey the operating frequency cf the guide such that 





Bie wVerl-(£ ee) (eqn 4.8) 


For air filled and evacuated oauides the phase constant is 
Gevene d=  =crc Vie-fe. [Ref. 57]. 
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Initial assumrtions for waveguide analysis inclve 


{0 


é 
Bossless dielectric ard perfectly ccenducting walls. Under 
jmeeee Corditions an e€xrression for the prepagation censtant 
fees nermally derived. Evaluating Y at frequencies telcw 
cutcff yields a rurely real number which represents attenua- 
fon. At any frequency above cuteff Y becomes purely imag- 
Emery. However, since no guide is perfect, loss¢s do exist 
for frequencies aktove cutcfif. Formulas for attenuation 
factczrs fer waveguides can be fcund in many textkcoks and 
handktcecks. While y =Re {7} (recall y =W+jB) is extremely 
complicated for waveguide applications, the attenuation 
constant is readily workafrle. [_o= omen aotanant Th, meds 
in rectangular guides the result is ” 


2 
BER: Doe | 
[eae oe eet pOeecibels per meter 
byk ele 


Wieec F. is than surface resistance or the waveguide walls; 
R =Wt¥L/o,, - n=/h/e , K =/1-(£,./£) 2 , and [., and 6, are 
the values cf permittivity and permeability of the the wave- 
guide wall materials [Ref. 58]. 

Fer an air filled guide the attenuation constant 
Simplifies to 





4.1x107° V Eb fo m 2bf 
es l+t-—>|. 


bafl - (4, /£)° an° 





It can cre shown that at the cutoff frequency (f= t . ) the 
denctinator is zerce so tChaewecwremucdeten iS infinite. 
Cenverecly, as £—— so the attenuation constant again 
kecomes ©, Therefcre, there 1S an optimum frequency which 


yields the smallest less. Usually, the operating frequency 


ihe! 





is checeéen euch that it is between «zhe TEx and TE aio ed ones & 


Pelants. 


C. wbAVECUILCE SNR 


Like all other transmissicn syst2ms, wavedquide systens 
are évaluated in terms of thelr output siqnail tc noise 
on The overall noise figure F of a wave guide is found 
in the samé mann2r a¢ is done for transmissicn lings and is 
equal to tte inverse of the system loss. Therefore the 
noise figure of a waveguide of length £ and an attenuation 


constent of qa is 


fhe gereral equation for a system's output signal-tc-nceise 
ratio is used so that for tre waveguide just described, 
enp=1/f (107 O24) kt EY. It can then be seen that the 
quality cf signal trérsmission within a waveguide system is 
a furcticn of the signal frequency, waveguide dimensions, 
dielectric characteristics cf both waveguide wall materials 
@vemeere enclosed mecium material, and the length cf thse 
guide. Ic gain more favorable SNR values over a given guide 
distance the internal walls of the guide can be coated with 
a material having a low surface resistance such as silver or 
gold, replacing the €xisting dielectric within the waveguide 
with cne having a lewer intrinsic impedance, or both. 

An alternate solution which is at the forefront cf tech- 
nology is tc increase the carrier frequency to the visitle 
light recicn of the electromagnetic spectrum. The practical 
use cf this technolcqy is increasing at a rapid trate. 
Therefore, fibers operating in the visible light regicn of 
the EM spectrum are ccnsidered next. 


1S 





De. THE CPTICAL FIBER 


==) oa 
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Cptical fibers are dielectric waveguide structur 
are used tc confine and guide electromagnetic waves whcese 
frequencies are in the visible light spectrun. Usually 
discussicns regarding the visible light spectrum fecus on 
light wavelength ratrker than frequency. For visible light 
the wavelengths are rFéetween 0.5 and 1.5 microns( qm). An 
optical fiker ccnsists essentially of an inner dielectric 
material, called the cere, surreunded by ancther dielectric 
with a smaller refractive index and is referred te as the 
Graading. All optical fibers currently in use have a 
circular crcess-secticnal shape and are either glass or fused 
Silica. Plastics cculd be used but, in general, would nave 
much higher lesses due to impurities inherent in the 
material. While a@ variety cf waveguide configurations can 
ke marutacttred, the waveguide configuration depicted in 
Figure 4.3 has freen the one adopted as the most practical. 
Miewitibert cere, having a refractive index n,, is made of a 
Material which exhibits low attenuation in the visible light 
spectrum. Peewced' he, wut en hcogastomeactive index n, hax 
is less than that of the core's index, surrounds the light 


transmitting core material [Ref. 59]. 





d/2 az 


a) Dimensions b) Refractive Index 


Figure 4.3 Perferred FO Configuration. 
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Figure 4.4 Light Ray Input Angle. 


The mcst important parameters for specifying oftical 
fiber waveguide vroperties are: core radius, (a), the 
Gumerical aperture (NA) defined as NA = né 7 ale and is 
related to the maximum acceptable off axis angle for rays 
entering the fiber (see Figure 4.4 ), and a characteristic 
parameter V defined as V = (27 a/} ance ae where A is the 
transmitted light wavelenght in a vacuun. The step index 
structure depicted in Figure 4.3 results in multiple prorfa- 
gaticn mcdées which is fcund tc equal V2/2 and therefore is 
properticnal to the ccre radius squared end the numerical 
aperture squared. As each mede traveals through the wave- 
guide with a differert internal velocity, 4 high number of 
modes catses large signal distortion and therefore limits 
usable Eandwidth. Thus in the centext of telecommunicaticn 
systems applications, the step index fiber is of limited 
practical use. However, recent manufacturing technigues 
have alicwed the refractive index of the fibér core material 
to vary from the center of the cere to the cladding becundary 
regicr ir @ specified fashicn. The pictoral representation 
cf this varying index, called a graded index, in Figure 4.5 
illustrates this. The physics cf the graded index fiber are 
such that all medes have nearly the same group velcecity so 
that the differentiel mode delay, which tend to decrease 
fiber bandwidth, is thereby greatly reduced. AUS JO 
lone-distance, high cata rate applications, the graded index 


Cptical fiber is preferrable. [Ref. 60]. 
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Figure 4.5 Graded Index FO. 
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The transmission froperties which are cf chie 


tH 
MD 
oO " 
at 


if 
for teleccmmunicaticn use are attenuation and dispersicn 
the irfut signal. A brief discussion of these factors is 


now presented. 


Attenuation in optical fiber waveguides has histori- 
cally reen the benchmark of performance. The power lcsses 
in fikrer cptic lines are caused by material absorption and 
scattering, waveguide scattering, and radiation icsses. 
Material absorption and scattering is mainly caused by icns 
within the glass itself. Waveguide scattering is caused 
Mainly ty irregularities at the core-cléedding interface. 
Sewaty Gentrol at the manufacturing Facilities can limit 
wavedtide scattering losses to less than 1 dB/Km. Radiation 
losses are caused Ey the bending of a fiber ine small 
tadiuse cf ctrvature. Radiation losses are particularly high 
when caklirg is installed without Dlestic CUShi¢nand 
Material surrounding it [Ref. 61}. 

T¢ finimize intrinsic material losses the fiber is 
fabricated in a manner so as to obtain a low concentration 
cf impurities and to match the dielectric properties cf ali 
compontents within the glass in crder to minimize scattering 
from ccmEecsitional fluctuations [Ref. 62}. 
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Macro-~bendinec cf optical waveguides cause 
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lossé¢ which bececme increasingly severe with decreasing bend 
radius. The smallest permissible curvature radius is 
limited by the actual fiber strength. Different fikers and 
cables heve different strain-tc-failure properties depenaing 
meen ccnectriction methods and materials. If a fiber is bent 
around a surface of radius R, knewn as the bend radius, the 
Mibeeecmcst edge cr the fiber cladding of radius r will he 
strained relative tc the fiter axis by a determinakle 
rercertace oo. , where = (HED - 1] x 100%. For £ibers 
and cables to maintain longévity, the maximum differential 
kending strain ( 9.) stould ret exceed 0.2% [Ref. 63]. 

Tue to all the variables it is impractical to 
attempt development cf a generalized power loss equaticn for 
optical fiker waveguides. However, as discusséd in th? 
cpenirg section cf this chapter for the generic waveguide, 
Signal attenuation ir the guide is a function of frequency. 
From €mpirical data it has been concluded that there are two 


G@eeenuaticn minima fer fiber waveguides. These cccur 


Q 
2 
9) 
rH 
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Pemween €.38 and 0.9 microns and at 1.05 microns whi 
usually referred to es first and second windows crespeéc- 
tively. Currently, attenuation values for optical fibe¢ 
tange between 3 and 5 dB/Km for the first window and 1 4dB/Km 
for the seccnd [Ref. 64]. 


2. Euise Dispession 


Fulse dispersicn is a distortion corresponding tc a 
Fand limitation cf tke fiber and is caused Dy modal dispér- 
sion and material dispersion. Modal dispersion is due to 
the difference cf aroup velocity of the different modes 
Eropagating along the Fiber at a single wavelength. This 
effect cén te reduced in multimcde fibers through a graded 
refractive index of the core. In practical low-lecss fibers 
normal values of pulse broadening ( t,) as low as 1 nanose- 
cond rer kilometer are specified [Ref. 65]. 
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Meterial disrersion is associated with < 
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See we Ofcoical Siqneling source and is caused by the varia 
Meon Gc the rsirective endex wWitna the cptical wavéeienath. 
Maeno ligkt emitting cicde {LED} sources material dis 


=e 
is the predominant effect with pulse broadening values in 
2 
6 


the 2-5 nsec/Km range. If a iaser source is used, the rfuliss 
kroadéning values can be substantially iowered { Ref. 66]. 
Since pulse broadening occurs in the fiber as the 


light siqnal oprcpagates down the guide, an cptical fiker 
waveguide tandwidth is limited by its pulse breadéning 
value. The fiber system which has an LED source has a kand- 
width wnich varies between 10 and 100 MHz. The system can 
be imprceved by using a laser source which increase the guide 
Bemowid<ch <tc the 500 - 1000 MHz range [ Ref. 67}. 
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V. SUMMARY AND CONCLUSIONS 

The central theme of this thesis has been the transmis- 
sion cf infcrmation in the form cf electrical e 
varicus fcrms cf energy transmission have been grcured 
according tc the numrkter of conductors involvéd and include 
antennas, s«aveguides, and transmission Jlinss. Among the 
tasks of the tele€commrunication systems manager is tec chocse 
the tyr2 of transmission channel which will best | satisfy 
userysystem constraints and requirements. The mode chosen 
for ary cneée particular application depends on a number of 
factcrs, such as: (io lite @eyclie cost; (2) frequency band 
and iricrmation-carrying capacity; (3) selectivity or 
privacy cffered; (4) reliakility and ncise characteristics; 
and (5) ewer level and efficiency. Bae Of une eta 
Sior channels has cnily some of the desirable fea 
conseguently, the selection of the channel best suited f 
specific application is a matter of managsrial 4 y 
engineering judgement. Pieler. yued  prLNGup 
determine the general characteristics cf ¢a ie 


channel kave been presented. It is these principl 


1) 
7) 


W 
Managers mrst understand to insure their decisions dc not 
adversely impact tte user's Mission and the syst 
interded capabilities. 

In crder to emphasize why it is necéssary to understanc 
the characteristics cf the communication channel, consider 
Mecho clen Of traneritting an ultra-high frequency (UHF) 
informaticn signal at 1000MHZ between two points 30 milés 
apart. Without knowledge of the various channel character- 
istics, cne could erreneously choose to use either the wave- 
guide or transmissicn line as an erficien+ means cf 
transmitting the signal. However, for this particuler case, 
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he anterna will be surerior to either the transmission lings 
crc the waveguide. If the received signal power in ¢ Cc 

were chesenas the system's figure of merit 
Setar ilscn it would fe found that for reas 


installaticns, the transmitted power required to 
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1&, 
nanowatt at the receiver's input would be on the orde 


1. Transmission lines: 10545 watts (5540dB loss). 
2. Waveguices: 1018 watts (270dB loss). 
3. Antennas: 50 milliwatts (77dB loss). 


These ficures were derived from an assumed transmission line 
loss of 3.5dB/100 ft (RG-19A/U cabdl2a@ loss obtained fron 
Beeure 5.1), an assumed waveguide loss of 0.17dBy/y100 ft 
(cectangular guide lcss obtained from Figure 5.2), and 
transmitting and recéiving antennas with an effective area 
cf 2 gcavuare meters (effective antenna gain was obtained from 
Pouatazon 2.23 and found te Fre 24.5dB each). Thus the mest 
rower efficient system over this 30 mile distance is the cne 
using antennas, i.e. the free space channel. 

These results can be quickly obtained from the princi- 
fles presented in Charters 2, 3, and 4. For example, given 
the effective area cf antennas, Educeton 2223 is used to 


derive tke antenna gain 


gain = Area x -> 
where Area=zm@ and j=c/1000Mhz. Then the antenna gain is 
280 cr ¢ecuivalently 24.5aB. Given a distance of 30miles, 


the prepagation rath loss can be determined (Equaticn 2.35) 
so that 


(L = ~36.6 - 20l0g30 - 2010g1000 = -126 4B. 


pas 
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f, 








Thus the antenna gain and prepagation path less figures can 
now be applied to the power budget eguation (Equaticn -z. 34) 
to derive the required transmitted power (assuming ell cther 
lessé€s are minimal). If received power is 1 

(-90dEBW), then 


Réel ewe cz 


-90dBW = P Chee) a lL 26d 


amp 


so that 


rin = —~13dBW eg 50 milliwatts. 


femeencuid be noted that a reduction in pewer from -13dEW «+o 
-90dEW represents ar overali systen loss of 77dB. Now 
concentratirg on the efficiency of the ‘transmissicn lines, 
cne can cbtain a cable's attenuation loss factor frem sta 
Gard curves or tables such as Figure 5.1 extracted iron 
Armed Services Flectre Standards Agency Publication ASESA 
fe 2 Ee For a test case analysis, assume the low-loss catkls 
FG-19a/U if used; tken from Figures 5.1 it can be seen that 
at 10COMHZ, the cakie exhibits a 3.5dB loss per 100f¢eet. 
Thus the total less cver the 30milie transmission distance is 
Sesu4deE. This translates tc a power loss of 10-55%, Then 
Seeeydng chis to Equation 3.2, the transmitter power 
required tc yield a received signal pewer of 10 ~%watts is 
105*5watits. To analyze a microwave system one can assume 
the TE, mcde is used so that the appropriate attenuation 
factcr can be determined. Figure 5.2 is abstracted from 
Elake's study on standard waveguides [Ref. 68} and presents 
a few representative examples of characteristics of low-loss 
rectangular waveguides currently used in communicaticn 
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Figure 5.1 Cable Attenuation Curves. 


Inside Attenuation 


Frequency CW Power Rating 


Dimensions, : at Midband, 
Range, MHz si: at Midband, kw dB/100 ft 
960-1450 TA X.3.9 20,000 O77 
2600-3950 2.8 x 1.3 2700 O% 
8200-12,400 0.9 x 0.4 250 4 
26,500-40,000 0.28 x 0.14 LS) 18 


Figure 5.2 Waveguide Attenuation Figures. 


systems. At an operating frequency of 1000MHz the attenua- 
Tron tactom Obtaanec from the listing in Figure 5.2 is 
Q.17dE per 100feet sc that over a distance of 30miles, the 
low-lcss waveguide yields a tctal system loss of 2704dB or 


WO ea? , The same eguation used in the transmission line 
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analysis which relates input power to output power (Eguaticn 
Bee ) is used tc determine the amount of transmitter 
meedaread tc preduce a 7? nenowett input signal to the 


receiver. Then 


Cx 


10°’ watts = eee 0 


Se, that the transmitter power reguirement would be 
1018watizs. 

meeenould Now be apparent that by drawing up¢cn the frin- 
ciples cf ccmmunicaticn signal transmission, the manager of 
teleccmmunication systems can quickly conduct 42 fairly 
representative pewer analysis of the three kinds of communi- 
caticn channels. However, in addition to power constraints, 
cther factcrs must be considered. 

From the standpcint of selectivity and privacy, the 
antenna affords no general DaOecGerorn — t5Om intrusicn, 
jamming, and interference (unless costly modifications are 
made, i.é¢€. Spread spectrum transmission) so that in 4 
hostile electronic ccuntermeasures (ECM) environment tha 
antenna system cculd frove unreliable. The primary advar- 
tage cf antenna systems 1s their suitability for installa- 
tion onkeard highly mobile platforms such as shirs, 
aircraft, and land vehicies. Additionally, the antenna is 
the only link to spaceborne vehicles. A second and cften 
equaily important advantage of antenna systems is their 


relatively inexpensive installaticn costs. 


T6E 





It has teen damernstrated in the previous charters thar 
the attenuation characteristics of transmission linss and 
waveguides exhibit an exponential relationship to distance 
while antenna fields are inversely related to the square 
the distance. Therefore, Wiace Pay, mOld true for cne 
distance may not hold true for a different distance with 
regard to the gost power efficient transmission channel. 
Consider the fcregcing example where the transmission 
distance is now 5 miles. It should now be understcod that 
for the antenna system the only change to the power Eudcet 
equation will be a decrease in the propagétion path loss énd 
therefore a correspending decrease in the required trans- 
mitted pewer. Since the prepagation path is new Smiles 
(Vice 30niles) the propagation path loss is 


= -36.6 - 20log5 - 2010g1000 = -110.5dB. 


(Lo) ag 


Meets Naereduction cf 15.5dB So that the required trans- 
[eeeeer fower is reduced ky 15.5dB to -28.5dBW% which is 
1.4milliwatts. The tctal waveguide loss over Smiles reduces 
to 45dE (0.17dB per 1CO feat times Smiles). Then the trans- 


Titt¢er prewer requirement is found from 
out in 


Cr 
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Therefore the transsitter power required f 
System <tc produce a 1 Ranowatt Signal at the recéiver sits 
Smiles from the trarsmitter is 10°*? watts. et 


a 
Meanetiiscsien line less over the same Smile transmizsion 
O 


distance is found by multiplying the attenuation loss factor 
(3.5dE per 100 feet) Ey the distance (Smiles) and is -920dB. 
Seeeeeeem Fo ,—-P,)b fcr PL, =10 Pwatts and L=-920dB cr 10-%, 
the ainvut power reguared for a 5mile transmissicn iine 
system is 1083watts. To summarize, for a received signal 
rower cf Inanowatt at the end of a Smile transmissicn fath, 
the required transmitted power for the three kinds cf ccmnmu- 


Ticaticn chennels weuld be: 


1. Trarsmicsion lines: 1083 watts (920dB l1css). 
2. Waveguices: 30micrewatts (45dB less). 


Ce 
3. Antennas: 1.4milliwatts (61.5dB loss). 


Under these circumstances the waveguide is clearly the most 
efficient transmissicn channel to choose. EnipwadGas sen to 
rower efficiency, the waveguide has the added benefit cf 
Signal security and creater immunity to outside interi¢erenc 
than fre¢ space systems. However, right-of-way ccsts an 
(in some cases) inaccessible terrain limit the us¢ o 
waveguides. 

Reference 69 presents a Similar investigation of the 
relationshir between the transmission distance and trans- 
Bitter power output requirements fer a given received power 
level. Additionally, a cecmparison of the results cbhtained 
for each cf the three kinds of transmission channels is 
graphically illustrated (s¢e Figure 1.3). It shculd be 
noted that the actual values of the respective curves depend 
on tke pkysicai characteristics of each type of lines, guide, 
cr antenna at a given frequency. The dashed section cf the 
antennae curve indicates approximate iine-cf-sight distances 


for the ccnventionel micrcwave relay systems normally 
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Figure 5.3 Comparative Channel Attenuation Curves. 


installed. As demcnstrated in the graph, at sherter 
diszances the waveguide is the most efficient channel while 
the artenna performs best at the longer distances. 2s 
appears that the transmissicn line is generally infericr to 
the wavecuide when ccmparing their respective power losses; 
however, the transmission line will propagat?# signals having 
frequencies as low és zero while the waveguide and the 
antenra kave practical lower limits. For waveguides this 
practical lower frequency linit as near 30 Craze 
Theoretically, the waveguide and antanna cculd be designed 
and built tc operate at the lewer frequencies, but, their 
physical sizes weuld re all but impractical. For example, 
at a frequency of 300MHz a waveguide would be about the size 
cf a rcadway drainage culvert. The practical low-frequency 
limit fcr an antenna is cn the order of 100KHZ, althkcugh the 
internaticnal OMEGA long-range navigation system and the 
U.S. Navy's VLF system operate in the 10-13KHz range. so 
general, antennas at these fregquencies are usually consid- 
ered impractical. Fcr example a dipole or half-wave antenna 


constructed to operate at 30KHZ would be approximately 3 
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miles high. The traremissicn line, on the other hand, is 
extrerely practical at these lower frequencies. It has the 
advantaces cf a wavecuide with respect to signal privacy and 
immurity tec outside rcise and interference. Additicnally, 
the transmission line is rugged, flexible, and inexpensive 
to maintéin. For skert distances such as a defensive fosi- 
tion in a kattliefield area, the transmission line systen 
eegid fre quickly set up and, unlike high gain antennas, 
requires ne time consuming alignment. However transmission 
line systems are rarely used in the tactical Land 
envirenment. 

The major emphasis of this thesis has been to focus on 
the guantitative aspects of communication transmissicn chan- 
nels (anc associated subsystems) and aas provided the means 
by which these channels can be analyzed. TOV OR Gen, wie 
communicaticn system is viewed as a transmitter and recéiver 
pair with little empkéesis on the transmission channel. te 
has been demonstrated that the communication channel inttro- 
duces distcrtion, keth attenuation and time/phase shifts 
Sato the information Signal. With the rising demand for 

issicn 


systems capable of t-ighér information tran rates, 


Sn 
the ccmmunication channel can (and often does) become the 
limiting factor influencing overall system performance. 
Therefcre, froma managerial perspective, it is impcrtant 
that considerations regarding the channel be equally 
weighted with consicerations regarding the transmitter and 
receiver segments of a communication system. The purpess of 
this thesis has teen to present the engineering fundamentals 
ct the ccmmunication transmission channel such that the 
impact cf managerial decisicns regarding communicaticns 
Flanring and communication systems planning beccme 


understancatle. 
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Naval ccmmunicaticns depend largely on free space frera- 
Gaticon ckannels for informaticn transmission. As more and 
more ccmmunicaticn systems are fitted on naval shics and 
Beach ait, the phencnena cf radio frequency interference 
(RFT) and electrcemagretic interference (EMI) become signiii- 
Gant . A greater understanding of the system SNR change 
caused ty én increased numbtex cf active transmitters will 
frovide the communications manager with the tools needed to 
understance and perhars solve cr at least reduce the RFI and 
EMIT effects. 

Ancotlter issue which needs addressing is the Navy's hsav 
reliarce cn satellite communications. The fact that present 
communicaticn satellites are vulnerable to attack by hcstile 
forces which can negate the overhead channel has been kighly 
publicized. Therefctre, the only present alternative for 
ship-tce-shore communications is the HF net. 

Successful HF commfunications is highly dependert on the 
compcsiticn of the ionosphere whera usable propagatior 
frequencies vary seasonally as wel as Geum wa deley « 
Furthermcre, should a high altitud@2 nuclear detonation 
Sees , the resulting electrcemagnetic puls¢ (EMP) would 
disrupt the ioncsphere to such an extent that nuch of the 
radio frequency spectrum wceuid be unusabi¢e for pericds of 
tin 


SreeaceOrs Which are kreyond the control of ths communication 


i The EMP would affect an area whose size would deépena 


system user. The precblem for the communications maneger is 
to understand potential disrurtions caused by EMP, ard to 
select alternate strategies to be used when effects due to 
EMP and cther interference cccur. 

It shculd be noted that ne communication transmissica 
channel is purely a transmitter-to-antenna or antenna-to- 
receiver ccnnection. The two are connected by either trans- 
mission lines, waveguides, ene laersie, = The impact of 


a aes thes ments must alsc = 
envixrcnmental ccnditions on these elenent crap De 
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considered, especially in an EMP environment. How dc¢es an 
line? 


FMP affect the SNR of a waveguide or transmission lin alee 
cptical fiber, once considered immune to EMP, is presently 
under <¢xamination te determine the extent of its EMD 
reactions. 

In cenclusicn, the telecommunication systems manaceér 
must consider the otjectives cf the user. His decisicns 
must ke cost effective and produce reliable and maintainatle 
communications. The ultimate decision must be the minimum 
accecrtarle perfcrmance level of the system, and this can be 


R2eCacion 


ig 
kased (but not necessérily) on the system's SNR. The trans- 
tmissicn channel is an integral part of any comn 

+ 


t~ © 


system. The SNR of the system can be significantly influ- 
enced ty the transmission channel which, regardless cf téech- 
nclogy, att¢nuates ard delays all signals. By understanding 
the transmission charnel, which is the critical part of the 
communication system (especially in a jamming envircnment), 
the ccmmunications manager will more effectively d¢vise 2 
robust system with appropriate signal routing schemes anda 
system restcraticn plan based on priorities and prcetcccls. 
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There aré many instances where a quantity w is deter- 
Mined by a number of cther guantities. For example, the 
Pemume ¥ cf a right circular cone of radius r and heicht h 


is given Ey 
abs oah 
3 ; 


The values cf r and kh can be assigned independently of each 
cther and cnce specific values have been assigned a ccrre- 
sponding value of V is determined. Powe 2S a SURG. ich of 
meand h. In general, if wis unigqualy determined when the 
values of two independent variables x and y are given, itis 


said that wis a function of x and y and is written as: 
w=f£ (x,y). 


It should re clear that as long as the value wis not 
constant for all (x,y) pairs, then as the value fer either x 
cr y Charges so too dees the value of w. Thus the change in 
wis related to betk x and y such that the change in w 
(dencted dw) ais the Change in the function value with 
respect to the chance in x and the change in y. eS eles 
wroitter as: 


Vis 





where 9 is the notaticn for the Poaceae derivative cf tha 


functicr. Two of the more important rules of partié 


atives are that in general 


‘i z a 
gx? aye 

and 
Se ae 





where + w indicates tke second 
{Ref. 70%a 
Fer exanrple, if 


derivative cf 


w= arity 
then 
2 = da(2x)y 
and 
aw i 1 iy 
vB ° 
Alsc 
Ne 
Swear )y 
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tae £Uncti Cn We 
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Ivy «OUR av = 3 7 (2x) 
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ByVdxX day dx 5 
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